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In this thesis, in order to explore the possibility of fabrication of polyimide thin film 
and ultrathin film while controlling the nanostructure, a carboxylic polyimide was 
modified with dendrimer wedges. Both the as-synthesized polyimide and the modified 
polyimide were used to fabricate thin and ultra thin film with nanostructures.  
 
A soluble polyimide with pendant carboxyl groups was synthesized by one-pot 
polycondensation method from 4,4’-(hexafluoro isopropylidene)diphthalic anhydride 
(6FDA) and 3,5-diaminobenzoic acid (DABz). One- and two-generation dendrimer 
wedges were synthesized and grafted to the polyimide as pendant side chains. The 
dendrimer wedges were synthesized by a convergent method using 
dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole (HOBt) as coupling agent. 
The synthesis and modification of the polyimide were confirmed by H1-NMR, 
C13-NMR and FTIR. The thermal properties of the carboxylic polyimide (CPI) and the 
modified polyimide (MPI) were investigated with TGA (thermal gravimetric analyses) 
and DSC (differential scanning calorimetry). The results show that the dendrimer 
wedges decompose at lower temperature than the backbone does, confirming the 
possibility of using dendrimer wedges as porogens. The effects of the dendrimer 
wedges on the porosity of the polyimide spin-coated film were studied by density 
measurement and butanol intrusion followed by thermal gravimetry. The MPI films 
have higher absorption of butanol after long time intrusion than the CPI films do, 
suggesting higher porosity inside the film and the absence of the channels and large 
pores. 
 
CPI was used to fabricate Langmuir-Blodgett (LB) film together with octadecylamine 
 vi
(ODA). The surface pressure and area isotherms show that the CPI-ODA salt forms 
stable Langmuir layers on a water surface. The CPI-ODA LB films were transferred 
successfully and subjected to different post-deposition treatments to remove ODA. The 
physicochemical properties of the films before and after treatments were characterized 
by ellipsometry, atomic force microscopy (AFM), ultraviolet-visible, Fourier transform 
infrared (FTIR) and X-ray photoelectron spectroscopies (XPS). Thermal treatment was 
seen to be a clean and easy post-deposition treatment method which can remove ODA 
completely and produce smooth and flat surfaces. In order to test the activity of the 
carboxylic groups in the LB film and also to explore the possibility of using the LB 
film as a host matrix for embedding nanoparticles, silver nanoparticles were 
incorporated into the thermally treated CPI LB film by immersing the LB film in a 
silver salt solution. The presence of silver nanoparticles was detected by XPS and 
AFM. The nanoparticles were distributed uniformly with size within range of 10 to 20 
nm. 
 
The silver nanoparticles were incorporated into the CPI LB film also by using silver 
salt as the subphase solution. Silver nitrate solutions were used as subphase and pure 
CPI solution was spread on it. The isotherms show that the silver nitrate can help to 
form a condensed and stable Langmuir film. The transfer ratio of the CPI Langmuir 
layer was improved due to the charge transfer effect of the silver complex. TEM 
(transmission electron microscope) and AFM illustrate the uniform distribution and the 
different sizes due to the different concentrations of silver nitrate. The electron 
diffraction pattern of the nanoparticles shows a clear hexagonal diffraction spot pattern, 
indicating that the silver nanoparticles are single crystals. 
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First and second generation MPI (1MPI and 2MPI) were deposited as LB films. 1MPI 
cannot form a stable Langmuir film on water surface and has to be stabilized with 
ODA or AA (arachidic acid), while 2MPI can form stable Langmuir film. The 
interaction of ODA or AA with 1MPI was investigated and stronger interaction 
between AA and 1MPI was found, which helped to stabilize the Langmuir films even 
at low AA content. The lower refractive indices of the 1MPI-AA and 2MPI LB films 
after thermal treatment compared with the CPI LB films indicate lower density of the 
film. AFM images illustrate a rougher surface of 2MPI LB film than that of 1MPI LB 
film.  
 
Electrostatic layer-by-layer (ELBL) films were fabricated from CPI and PPD 
(p-phenylene diamine) and covalently crosslinked by thermal treatment. The pH and 
concentration of the solution and the dipping duration were optimized. Linear increase 
of the thickness was obtained. The balance between the loss of the small PPD 
molecules and the extent of crosslinking was examined when selecting the temperature 
of crosslinking. 150oC is more suitable than 215oC when considering this balance and 
the surface smoothness. The thermal treatment improved the stability of the films 
against solvent attack due to the stronger covalent bonds. 
 
Covalent layer-by-layer (CLBL) films were fabricated from CPI and PDI 
(1,4-phenylene diisocyanate). The growth of the thickness decreased after 7-layer and 
can be explained by the reduced absorption of PDI. The direct formation of an amide 
bond was confirmed by XPS spectra. The CLBL films were stronger than the ELBL 
film when subjected to solvent attack due to the robust covalent bond. The CLBL films 
were also more stable than the crosslinked ELBL film at high temperature due to the 
 viii
higher content of covalent bonds formed directly during deposition.  
 
ELBL films were deposited from MPI to investigate the steric effect of the dendrimer 
wedges. MPI is soluble in acidic solution due to solvation of the nitrile terminal groups. 
It was deposited alternately with CPI in basic solution. Lower refractive indices of the 
MPI ELBL film than that of CPI film were obtained, indicating less dense structure. 
Higher steric effect of 2MPI than 1MPI was observed from refractive indices and 
roughness of the surface. 
 
The work in this thesis indicates the possibility of using a carboxylic polyimide and 
modified polyimide as basic, matrix materials to obtain nanostructured films by 




1MPI     First generation nitrile-ended dendrimer wedge 
2MPI      Second generation nitrile-ended dendrimer wedge  
3PBZ     4,4′-diamino-2,2′-bis(4-phenylphenyl)biphenyl  
4MPD      (2,3,5,6-tetramethyl-1,4-phenylene-diamine),  
6FDA     4,4’-(hexafluoro isopropylidene)diphthalic anhydride 
6FpDA     (4,4’-(hexafluoro-isopropylidene)-dianiline))  
AA      Arachidic acid 
AFM      Atomic force microscopy  
BET     Brunauer-Emmett-Teller absorption isotherm 
BPDA     3,3’4,4’-biphenyl tetracarboxylic dianhydride 
BTDA     3,3’4,4’-benzophenone tetracarboxylic dianhydride 
CELBL     Crosslinked electrostatic layer-by-layer films 
CLBL      Covalent Layer-by-Layer 
CPS      3-cyanopropyltrichlorosilane  
DABz      3,5-diaminobenzoic acid 
DBB      4,4′-diamino-2,2′-dibromobiphenyl 
DCB      4,4′-diamino-2,2′-dichlorobiphenyl 
DCC      Dicyclohexylcarbodiimide 
DCN      4,4′-diamino-2,2′-dicyanobiphenyl  
DDE     4,4’-diaminodiphenyl ether  
DIB      4,4′-diamino-2,2′-diiodobiphenyl 
DMAc      N,N-dimethylacetamide  
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DMF      Dimethylformamide   
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DSC      Differential scanning calorimetry  
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MSE      Mean square error  
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NH2(CN)3    Tetrakis[(cyanoethoxy)methyl]-methane 
NH2(CN)9    NH2-headed second generation dendrimer wedge  
NMP      N-methyl-2-pyrrolidone  
NMR     Nuclear magnetic resonance spectroscopy 
O6FDPBZ    4,4′-diamino-2,2′-bis(o-trifluoromethylphenyl)biphenyl 
ODA      Octadecylamine 
OTS      Octadecyltrichlorosilane 
P6FDPBZ    4,4′-diamino-2,2′-bis(p-trifluoromethyl-phenyl)biphenyl 
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PAA     Poly(amic acid) 
PAAS      Polyamic acid octadecylamine salt  
PAH     Poly(allylamine hydrochloride) 
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PAMAMC    Poly(amidoamine) dendrimer with carboxyl terminal groups 
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PI      Polyimide 
PMDA     Pyromellitic anhydride 
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PPV      Poly(p-phenylenevinylene)  
RMS     Root mean square  
ROMP      Ring-opening metathesis polymerization 
TEM      Transmission electron microscope  
TG      Thermal gravimetry 
TGA      Thermal gravimetric analyses  
THF      Tetrahydrofuran 
UV      Ultraviolet 
UV-Vis     Ultraviolet-Vissible spectroscopy 
VASE      Variable angle spectroscopic ellipsometry  
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Chapter 1 Introduction 
1.1 Background 
Polyimide is synthesized by polycondensation of dianhydride and diamine. Aromatic 
polyimide has several superior physicochemical properties, such as high mechanical 
strength, high chemical stability, high thermal stability, nonflammability, high radiation 
resistance, low dielectric constant and low coefficient of expansion. The application of 
polyimide has been investigated in many areas, such as integrated circuits packaging, 
separation membrane, fiber optics, liquid crystal display, flexible printed circuit, 
dielectric layer, and sensor coating (Ghosh and Mittal, 1996; Sroog et al., 1991; 
Bessonov et al., 1987; Bessonov and Zubkov, 1999; Feger et al., 1989).  
 
The synthesis of an aromatic polyimide was first reported in 1908 but it was not until 
the late 1950 that DuPont developed a successful commercial route to high-molecular 
weight polyimide. The first commercial polyimide was introduced by DuPont in the 
late 1960s (Edwards and Robinson, 1955; Vogel and Marvel, 1961; Angelo, 1969). 
Since then this field has blossomed, and there has been a high tempo of R&D activity 
in synthesis of polyimides with requisite properties for a given application and in 
devising new methods of characterization.  
 
Most aromatic polyimides are not soluble in normal solvents and cannot melt below 
the temperature of decomposition, which results in difficulties in processing. Therefore, 
soluble polyamic acid is normally used as precursor of polyimide. A two-step method 
was invented to prepare and process polyimide by DuPont (Du Pont & Co. 1959, 
1961). Typically, a polyamic acid solution is prepared and cast or spin-coated on a 
substrate in the first step. In the second step, post-treatments such as heating or 
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immersion in acetic anhydride/pyridine/benzene are carried out to convert the 
polyamic acid to polyimide by dehydration and cyclization. Such post-treatments are 
referred as imidization. Although two-step method solves the processing problem of 
polyimide, there are still some other problems, such as: (1) Polyamic acid is difficult to 
store because of hydrolysis and intermolecular exchange reactions. (2) In the second 
step, complete imidization is difficult to obtain because of the high mass transport 
resistance. (3) Resulting polyimide has ill-defined molecular weight. So it is difficult 
to study reaction kinetics. (4) If chemical imidization is applied, catalyst and 
dehydrating agents should be added. However, these reagents or catalysts remaining in 
the polyimide resins might lead to undesirable properties, such as decreasing adhesion 
and acceleration of decomposition at high temperatures. (5) If thermal imidization is 
applied, microvoids may form in the final material that can result in mechanical 
weakness. (6) Insoluble and unmeltable polyimide is difficult to modify in the bulk 
phase. (7) The films after thermal treatment are inherently stressed and are thus not 
ideally suitable for dielectric application. In this work, a soluble polyimide with 
pendant carboxylic groups was used to fabricate bulk film and ultrathin film. It is 
soluble and imidized, and more stable than polyamic acid. The pendant carboxyl group 
can act as an acid to react with organic or inorganic base, so that the polyimide can act 
as a polyanion. The carboxyl group can also form an ester or amide linkage with other 
polymer or organic molecules, making the polyimide easy to be modified. The novelty 
here is that the polyimide is imidized but still has carboxyl groups. The carboxyl 
groups reacted with ODA (octadecylamine) in fabrication of Langmuir-Blodgett film, 
with PPD (p-phenylene diamine) in fabrication of electrostatic layer-by-layer film, and 
with PDI ( 1,4-phenylene diisocyanate) in fabrication of covalent layer-by-layer film. 
 
 3
When used as dielectric layers in integrated circuits, a low dielectric constant of the 
polyimide is desired in order to reduce the cross talk in the integrated circuits. To lower 
the dielectric constant, incorporation of pores is efficient (Morgen et al., 2000). The 
pores are also useful in membranes for separation and coatings for sensors where 
controllable higher diffusive rate is important. Because of the strong intermolecular 
and intramolecular interactions, most polyimide bulk films and ultrathin films have 
high density. One of the possible methods to incorporate pores into polyimide is by 
modifying the polyimide with dendrimer. Dendrimer is a category of highly branched 
polymer whose size, surface properties and topology can be controlled precisely by 
control of the building blocks, terminal groups and generation. Due to its porous 
structure and homogenous size, dendrimers can be used as templates to generate pores 
inside a matrix. While this concept has been investigated in cast and spin-coated films 
(Nguyen, et al., 2000; Heise et al., 2000; Hedrick et al., 2002), there is still much to 
understand about the effect of the dendrimer on the behavior in ultrathin film 
deposition and treatment, as well as the properties of the ultrathin films. In this 
research, the carboxylic polyimide was modified with dendrimer wedges and its 
porous structure in bulk phase and ultrathin film was investigated. 
 
1.2 Objectives 
Based on the background of this work, the soluble imidized carboxylic polyimide and 
its modification with dendrimer are of significant importance. However, the activity 
and modification of the carboxylic polyimide are seldom reported (Schleiffelder and 
Staudt-Bickel, 2001; Takafumi et al., 2001; Song and Wang, 2003). The utilization of 
the carboxylic polyimide and the corresponding modified polyimide in the fabrication 
of ultrathin and composite thin films are to be explored. 
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This thesis is an attempt to explore the feasibility of forming nanostructured films from 
pre-formed polyimide while retaining the thermal and chemical stability of the 
materials. 
 
Therefore, the objective of this research is modification of the carboxylic polyimide, 
and fabrication of ultrathin film in nanometer range using the polyimide. The specific 
research objectives are to: 
(1) graft the dendrimer wedges to the soluble carboxylic polyimide; 
investigate the morphology, porosity and thermal properties of the carboxylic 
polyimide and modified polyimide films; 
(2) fabricate Langmuir-Blodgett film using the carboxylic polyimide and the 
polyimide modified with dendrimer; fabricate silver nanoparticles/ polyimide 
composite LB films; investigate the effect of the subphase and the spreading 
materials and the physicochemical properties of the films; 
(3) fabricate layer-by-layer self-assembled polyimide film from the 
carboxylic polyimide and the polyimide modified with dendrimer wedges; 
investigate the behavior of different material in layer-by-layer deposition and 
the physicochemical properties of the films. 
 
The synthesis of the carboxylic polyimide and its modification, as well as the 
properties of the bulk films will be described in the Chapter 3. Chapter 4, 5 and 6 will 
focus on the fabrication of the Langmuir-Blodgett films from the carboxylic polyimide 
and the modified polyimide, as well as incorporation of silver nanoparticles to the 
Langmuir-Blodgett film by immersion and subphase methods. Chapter 7, 8 and 9 will 
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focus on the fabrication of the layer-by-layer self-assembled film from the carboxylic 
polyimide and the modified polyimide. The electrostatic layer-by-layer film and 
covalent layer-by-layer film from indirect and direct methods will be compared. The 
steric effect of the dendrimer wedges will be investigated in Chapter 9. 
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Chapter 2 Literature Survey 
2.1 Introduction of Polyimide and Selection of Monomers 
Aromatic polyimides were first produced in 1908 by Marston Bogert through 
polycondensation of esters or anhydride of 4-aminophthalic acid. In 1955, high 
molecular weight polyimides were synthesized by two-stage polycondensation of 
pyromellitic dianhydrides with diamines (Kudryavtsev, 1996). Polyimides have unique 
physicochemical properties, such as strong resistance to high temperature, high 
radiation and chemical resistance, good mechanical strength, superior insulation 
properties, nonflammable, etc. They are stable at room temperature to organic solvents 
and in the presence of concentrated acids (excluding sulfuric and nitric acids). They 
exhibit excellent physico-mechanical properties over a broad temperature range. A 
number of monographs and surveys summing up the accumulated information have 
been published in recent years (Sroog et al., 1991; Bessonov et al., 1987; Bessonov 
and Zubkov., 1999) 
 
The superior properties of the aromatic polyimide are due to the high intramolecular 
and intermolecular interactions. As a result of the intramolecular interaction, charge 
transfer complexes (CTC) form between the dianhydride segment as an electron 
acceptor and the diamine segment as an electron donor. Polar interactions and CTC 
also form between the acceptor and donor in different molecular chain (Kudryavtsev, 
1996). From the aspect of symmetry, coplanarity and conjugation in the molecular 
structure also help to increase the interactions.  
 
However, because of these strong interactions, most of the polyimides are insoluble 
and cannot melt until decomposition. This property makes it difficult to process the 
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polyimide directly. Therefore, a two-step method was invented to synthesize and 
process the polyimide (Du Pont & Co. 1959, 1961; Edwards and Robinson, 1955; 
Vogel and Marvel, 1961; Angelo, 1969). The soluble precursor polyamic acid was 
synthesized first from diamine and dianhydride, and cast into the required form. In the 
second step, the film was dehydrated and cyclized thermally or chemically to form 
polyimide. 
  
However, there are some disadvantages of the insoluble polyimide. First, the polyamic 
acid is not stable after long storage because of hydrolysis and intermolecular reaction. 
It is normally stored at low temperature, and sometimes storage under nitrogen is 
necessary. Second, the resulting polyimide has less defined molecular weight, which 
makes it difficult to investigate the reaction mechanism. Third, when thermal 
imidization is used, the water generated in imidization may leave microvoids in the 
polymer structure, and inherent stresses remain. Fourth, if chemical imidization is used, 
the catalyst and dehydrating agents are difficult to remove completely. The residue 
impurity will lead to prior properties such as less thermal and chemical stability. It is 
also difficult to modify the insoluble polyimide in bulk phase. Therefore, soluble 
polyimide was investigated recently and adopted in this research. 
 
In order to synthesize soluble polyimide, the strong intramolecular and intermolecular 
interactions have to be weakened by disrupting coplanarity and conjugation, reducing 
symmetry, and separating electronic segments (Salley et al., 1993). Paul and Harris 
(1976) suggested that three main structural modifications can help to improve 
solubility: incorporation of thermally stable but flexible or non-symmetrical linkages 
in the backbone; introduction of large polar or non-polar pendant substituents from the 
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polymer backbone; and disruption of symmetry and recurrence of regularity through 
copolymerization.  
 
Incorporation of flexible linkages such as -O-, -CH2-, -SO2- and 
hexafluoro-isopropylidene group (6F) into the backbone introduces “kinks” to the 
molecular chain which decreases the rigidity of the polymer backbone and inhibits 
packing. Thus the intermolecular interactions were reduced and the solubility of the 
polyimide was enhanced. Such flexible linkages in dianhydride will have more effect 
than those in diamine. Among the linkages, 6F is the most effective kink for reducing 
symmetry and introducing flexibility. Isomeric structures also distort linearity of the 
chain and increase the interchain distance, which lowers the energy necessary for 
rotation. This structure also lowers the Tg and Tsoftening and/or Tm and increases solvent 
penetration of the polymer (Eastmond et al., 1996; Mikroyannidis et al., 1999). 
 
Bulky substituents can also improve solubility. At the same time, it can impart a 
significant increase in both Tg and thermo-oxidative stability, especially when there are 
nonsymmetrical or flexible units in the backbone. It is because the bulky substituents 
decrease crystallinity and packing efficiency by distorting backbone symmetry and 
restricting segmental mobility. The severity of the effect depends on the number, size 







Table 2.1 Tg of Different Polyimide 
Dianhydride  Diamine Tg 
BPDA p-ODA 420 
BTDA p-ODA 266 
BTDA m-PDA  290 
BTDA 3,5-DABz 290 
6FDA m-PDA 285 
6FDA 3,5-DABz 328 
NBPDAa p-ODA 291 
a: 3,5-Bis(3,4-dicarboxybenzoyl)-4’-nitrobiphenyl Dianhydride (Ayala, 1999) 
 
Li et al. (1999) showed that the molecular packing was affected by the introduction of 
different disubstituted pendant groups. Each polyimide film exhibited an α relaxation 
process related to the glass transition. This relaxation changed significantly with the 
size and the shape of the disubstituted pendant groups as shown in Table 2.2.  
 
These strategies generally suffer from a trade-off between thermal & mechanical 
properties and solubility. The challenge is to balance these properties to produce 
processable materials without sacrificing the inherent high thermal & mechanical 
stability of these polymers. Our approach to achieve this goal involves control of chain 
flexibility and segmental mobility through the incorporation of 3,5-diaminobenzoic 
acid (DABz) and 4,4’-(hexafluoro isopropylidene) diphthalic anhydride (6FDA). 
6FDA will reduce Tg and increase solubility due to the kink of 6F, while DABz will 
increase both solubility and Tg because the pendant carboxyl group can distort 
backbone symmetry and restrict segmental mobility. The Hydrogen bonding between 
the carboxyl groups can increase the Tg further.  
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Table 2.2 Tgs of 6FDA-based polyimide films (Li et al. 1999) 
Diamine 2,2’-disubstituted groups Tg (oC) 
DCB –Cl 336 
DMB –CH3 325 
DCN –CN 331 
DBB –Br 329 
DIB –I 319 




















Anisotropy is another aspect to consider when selecting the monomers for the 
application of optics and dielectrics. Ree et al. (1997) studied the rigidity of five 
different polyimides, as model polymers with various chain rigidities and orders. Both 
rodlike PMDA-PDA and bent ODPA-PDA showed high orientation and low ordering 
of chains, whereas both kinked BPDA-PDA and bent BTDA-PDA exhibited high 
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orientation and high ordering of chains. However, 6FDA-PDA was lack of such 
orientation and ordering. The higher chain rigidity and order produced higher in-plane 
orientation of chains in films. Higher molecular in-plane orientation causes 
significantly higher anisotropies in refractive indices and dielectric constants, higher 
modulus, and lower residual stress. However, large optical and dielectric anisotropies 
may often cause problems such as near-coupled-noise due to crosstalk in the 
performance of microelectronic devices. Thus, for advanced applications, polymers are 
required which have isotropic refractive index and dielectric constant. In this sense, 
6FDA is suitable for the applications owing to its relatively low refractive index and 
dielectric constant with negligible anisotropy. 
 
Polyimide from 6FDA and DABz has been synthesized and its application in 
membrane separation of H2/CH4 (Pye et al., 1976; Ezhov, 1985; Fryd, 1986) has been 
investigated. The carboxyl group in DABz decreases both chain segmental packing 
efficiency and mobility. Therefore, both permeability and permselectivity of the 
membrane from such material can be improved. However, modification of such 
polyimide and its application in dielectrics and ultrathin films have been seldom 
investigated (Schleiffelder and Staudt-Bickel, 2001; Takafumi et al., 2001; Song and 
Wang, 2003). The possible reason might be the difficulty in synthesizing this 
polyimide with high molecular weight and the high cost of the monomers. However, 
the high molecular weight can be obtained by optimizing the synthesis condition and 
carefully controlling the quality of the monomer. The high cost can also be 
compensated by applying this polymer in high-value-added area such as dielectrics in 
microelectronics and ultrathin films as surface coating and modification. 
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2.2 Modification of Soluble Polyimide 
The modification of soluble polyimide can be conducted by attaching functional 
groups, grafting polymers, and cross-linking. Soluble polyimide from 6FDA, DABz, 
4MPD (2,3,5,6-tetramethyl-1,4-phenylene-diamine), 6FpDA 
(4,4’-(hexafluoro-isopropylidene)-dianiline)) was cross linked by ethylene glycol or 
hexamethylene diamine to fabricate membranes to separate p-/o-xylene (Schleiffelder 
and Staudt-Bickel, 2001). Cross-linked polyimides have higher separation factor but 
lower flux than polyimide without cross-linking, which was mainly due to low 
mobility of molecular chain after cross-linking.  
 
Takafumi et al. (2001) synthesized soluble polyimides from 6FDA, DABz and 
m-BAPS by one-step method using binary catalyst consisting of valerolactone and 
pyridine. Modified by NT-200® as photosensitive material, the polyimide exhibited 
positive-tone behavior by UV irradiation. After development with aqueous 
tetramethylammonium hydroxide, the resulting polyimide pattern showed 10µm L/S 
resolution with 15µm film thickness and was stable up to 400 oC.  
 
Schab-Balcerzak et al. (2001) synthesized a polyimide from 
3,3’,4,4’-benzophenonetetracarboxylic dianhydride, 3,5-diaminobenzoic acid and  
4,4’-diaminodiphenylether. Nonlinear optically active moieties, Disperse Orange 3 
(DO3) were attached to carboxylic group to produce nonlinear optical properties (NOL) 
while retaining the high thermal stability and the high glass transition temperature to 
minimize reorientation of chromophores. 
 
In this work, the carboxylic polyimide from 6FDA and DABz will be modified with 
dendrimer wedges. The dendrimer wedges will be attached to the DABz segment 
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through the reaction of NH2 in dendrimer’s head and the pendant COOH in DABz to 
form amide linkage. The application of the modified polyimide will be explored 
further. 
 
2.3 Introduction of Dendrimer and its Application 
Since the pioneering work in the area of well-defined, three-dimensional structural 
ordered macromolecules (Buhleier, 1978; Tomalia, 1986; Newkome, 1986), interest in 
dendrimers and hyperbranched polymers has been increasing tremendously. 
Dendrimers are unique in that their supramolecular properties can be carefully 
controlled through the manipulation of size, shape, molecular weight, surface 
chemistry, and topology, to produce well defined highly branched architectures. 
Dendrimers display properties different from those of linear polymers such as 
enhanced solubility, lower viscosity with a maximum as a function of the generation 
number, and Tg’s almost independent of the shapes.  
 
Early research on dendrimers was focused on the synthesis, characterization, and 
properties of perfect dendrimers. Divergent and convergent methods were employed 
for synthesis (Mishra and Kobayashi, 1999). In the divergent method, branching units 
are attached to the core molecule, thus multiplying the number of peripheral groups 
dependent on the branching multiplicity. The convergent method follows the opposite 
path; the skeleton is built step-by-step starting from the end groups towards the inside 
and finally reacted with a core molecule to give the complete dendrimer. 
 
A broad range of dendrimers and hyperbranched polymers is now available, some even 
commercially. Emphasis is shifting to an exploration the investigation of potential uses 
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and applications. These involve: 
1. Micelles and encapsulation. 
2. Self-assemblies and liquid crystals. 
3. Layers. 
4. Electroactive dendrimers and electroluminescent devices. 
5. Sensors. 
6. Conductive and ionic conductive polymers. 
7. Photochemical molecular devices (energy transfer and electron transfer, nonlinear 
optics). 
8. Catalysts. 
9. Biochemicals and pharmchemicals. 
10. Dendrimers in analytical chemistry. 
11. Other functional and performance materials. 
 
2.4 Linking Dendrimer to Linear Polymer 
In a continuation of research on the chemistry of dendrimers and hyperbranched 
polymers, a new family of so-called linear– dendritic hybrid copolymers has attracted 
increasing interest recently. These copolymers are derived from a combination of linear 
and dendritic macromolecular architectures and are referred to as “architectural 
copolymers” (Yin et al., 1998; Knauss and AI-Muallem. 1997; Yin et al., 1998).  They 
can be divided into two categories based on the structure of the linear and dendritic 
segments in the copolymer, and they have shown respective interesting physical 
properties.  
 
The first category deals with the coupling of linear polymers functionalized at one or 
both chain ends with reactive dendrons that have a complementary functionality at the 
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focal point. van Hest et al. (1995a, 1995b) prepared hybrid copolymers in which a 
dendrimer with hydrophilic terminal groups was attached to one end of the polystyrene 
chain, and they investigated the amphiphilic behavior of the copolymers. Chapman et 
al. (1994) reported PEO-Boclysine dendrimers as surfactants. Kricheldorf and 
Stukenbrock (1997, 1998) put dendritically branched polyesters on both ends of 
aromatic polyester chains to obtain telechelic polyesters. Fréchet’s group (Fréchet et al., 
1994; Gitsov et al., 1996) has done a lot of work on all types of hybrid 
macromolecules, including star copolymers with dendritic groups at the periphery. 
Roman et al. (1999) studied the microphase separation of diblock copolymers 
consisting of polystyrene and acid-functionalized poly(propylene imine) dendrimers. 
By increasing the dendrimer generation, the structures change from hexagonal to 
lamellar structures, and the low-range spatial order decreased in the lattices. Miller, et al. 
(1999) connected two poly(benzyl ether) dendrimers to the two ends of rigid rod 
oligoimides to make dumbbell-shaped molecules (Figure 2.1). The rigid rod causes the 
dendrons to be further apart allowing more ready access to the central redox site, while 
for a normal dendrimer incorporated organometallic species as core, electrochemical 
reactions of organometallic species are often inhibited. 
 
 
Figure 2.1 Structure of dumbbell molecule 
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The other category is named as Schlüter-type architectures, in which a linear polymer 
chain is wrapped with pendant dendrimers. It shows desirable properties such as high 
solubility, ease of industrial processability and low intrinsic viscosity. Examples 
include polymethacrylates and polystyrenes with aromatic polyether dendrons obtained 
by Percec et al. (1997, 1998) and Prokhorova (1998), poly(ethyleneimine) cores with 
dendritic PAMAM blocks obtained by Yin et al. (1998), polystyrenes with aromatic 
polyether dendritic fragments obtained by Hawker and Fréchet (1992), polyacrylates 
and polymethacrylates with amide-linkage dendrons obtained by Draheim et al. (1995) 
and Niggermann et al. (1997), and wholly aromatic rigid-rod linear polymers decorated 
by dendritic fragments obtained by Schlüter et al. (Freudenberger et al., 1994; 
Claussen et al., 1995; Karakaya et al., 1997) that were believed to form cylindrical 
structures. 
Gina et al. (1998) synthesized a dendritic, highly monodisperse hybrid polymer by 
ring-opening metathesis polymerization (ROMP) of a norbornenediol ketal affixed to a 
second-generation dendron bearing multiple aromatic (naphthyl) chromophores 
(Figure 2.2). Schlüter and co-workers (Claussen et al., 1995; Freudenberger et al., 
1994; Schlüter et al., 1995; Chvalun et al., 1997) have also made hybrid 
dendrimer-containing rigid-rod polymers based on poly (1.1.1)-propellanes with an 
unprotected functional hydroxyl group or poly(p-phenylene)s in which a cylindrical 




Figure 2.2 ROMP homopolymers bearing a single chromophore (2) and an appended 
naphthyl-capped dendron (1) in each repeat unit. 
 
Both rigid and flexible backbones were used as cores in Schlüter-type architectures. 
Schlüter et al. (1995) suggested two reasons for using rigid backbone. The first is 
related to the approachability of functional groups. Flexible polymers form random 
coils. Consequently many of the functional groups are “buried” in the inner part and 
are not so exposed to chemical modification as those on rod like polymers. The second 
reason is related to entropy. If flexible polymers are grafted with bulky substituents, 
the backbone conformation goes from a random coil to a stretched, more or less linear 
one. This is costly in entropy and therefore, counterproductive to the achievement of a 
high degree of coverage. Whereas Percec et al.’s (1998) research on flexible backbone 
show that at low degree of polymerization (DP), the conical monodendrons assemble 
to produce a spherical polymer with random-coil backbone conformation. On 
increasing DP, the self-assembly pattern of the monodendritic units changes to give 
cylindrical polymers with extended backbones. 
 
In this research the thermally labile dendrimer wedges will be linked to a polyimide as 
side chain to form Schlüter-type architecture, because such a structure can incorporate 
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more dendrimer wedges. The polyimide will offer a rigid backbone for this structure. 
After removal of the dendrimer wedges after thermal treatment, pores can be generated. 
Because of its monodispersed size and terminal group, uniformly sized pores are 
expected. 
 
2.5 Langmuir-Blodgett Film 
Polymeric multilayer ultrathin films are well known to have many applications in the 
fields of microelectronics, semiconductor, tribology, wear resistance, corrosion 
protection, integrated optics, oriented surface layers, chemical sensing and bio 
membranes (Oliveira et al., 2001). Langmuir-Blodgett film is a typical ultrathin film 
fabricated from amphiphilic materials which are spread on water or aqueous solution 
and transferred to a substrate. Such ultrathin films are so called after Irving Langmuir 
(1917) and Katherine Blodgett (1935) who contributed much to the studies on the 
surface pressure-area relationship of molecules on an aqueous surface (Langmuir film) 
and to the development of the technique for transferring the Langmuir films onto solid 
substrates and hence to build up multilayer films. Much work has been carried out in 
preparation, characterization and investigation of physicochemical properties of 
Langmuir films and Langmuir-Blodgett films (Karle, 1949; Mingins, 1987; Peterson, 
1986, 1987, 1990; Pethica, 1987; Roberts, 1985, 1988; Sugi, 1985; Swalen, 1991). The 
amphiphilic material can be long chain fatty acids, amides and alcohols, as well as 
amphiphilic polymer such as the one used in this work. At the air-water interface, 
when such amphiphilic molecules are compressed by barriers, they orient themselves 
with their hydrophobic tails upwards in the air and their hydrophilic heads downwards 




Figure 2.3 Expanded and compressed Langmuir layer on water surface 
 
The characteristics of a monolayer on the water surface are studied by measuring the 
changes in surface tension upon compressing the monolayer. The reduction of surface 
tension is known as the surface pressure (π). Pressure readings are made by means of 
Wilhelmy plates attached to a microbalance. The plot of surface pressure versus area 
occupied per molecule (A) is known as ‘surface pressure-area isotherm’ (π-A isotherm) 
because compression takes place at constant temperature. The isotherm can usually be 
seen to consist of three distinct regions (Figure 2.4): 
 
Figure 2.4 Surface pressure-area isotherm of stearic acid on water surface 
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After initial spreading on the subphase, when no external pressure is applied to the 
monolayer, the molecules behave as a two-dimensional gas. On further compression 
some ordering of the film takes place and it behaves as a two-dimensional liquid. With 
continued closing of the barriers, the increase in pressure causes additional ordering, 
and the monolayer behaves as a quasi-solid. This solid state is characterized by a steep 
and usually linear relationship between surface pressure and molecular area. The 
deposition is preferably carried out in this solid state. The zero-pressure molecular area 
or specific area (A0) can be obtained by extrapolating the curve of the solid phase to 
zero pressure. It is a hypothetical area occupied by one molecule in the condensed 
phase at zero pressure. When the surface pressure increases further beyond a critical 
point, collapse pressure (πc), the film collapses and loses its monolayer form. 
 
During the deposition of the Langmuir-Blodgett film, a suitably treated substrate 
breaks through the Langmuir film and is coated with LB film. Typically, two types of 
substrates can be coated, hydrophobic and hydrophilic. When a hydrophobic substrate 
is used, it is lowered to the water, breaking through the Langmuir film and this results 
in deposition of the first layer with the hydrophobic tails of the amphiphilic molecules 
adhering to the hydrophobic substrate surface (Figure 2.5). When a hydrophilic 
substrate is used, it has to be immersed into the water first and starts from up-stroke 
after the Langmuir layer formed (Figure 2.6). It is because the hydrophobic tails are 
repelled by the hydrophilic substrates when the hydrophilic substrate dips into the 
water. After the deposition of the first layer, the surface of hydrophobic substrate 
changes to hydrophilic and can be drawn up to deposit the second layer like the 
hydrophilic substrate (Figure 2.7). Likewise, the second layer can be deposit to the 
hydrophilic substrate by dipping down. 
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Figure 2.5 Deposition of first layer Langmuir-Blodgett film onto a hydrophobic surface 
 




Figure 2.7 Deposition of second layer Langmuir-Blodgett film onto a hydrophobic surface 
 
After a number of cycles of up and down-strokes, a multilayer LB film can be formed. 
The efficiency of the transfer of the amphiphilic material from the water surface to the 
solid surface can be measured from the transfer ratio: 
 
area of Langmuir film removed from subphase at constant pressure Transfer ratio= area of substrate immersed in water (2.1)
 
Most simple amphiphiles deposit in “head to head and tail to tail” fashion on both the 
up and down stoke of the substrate. This structure is named ‘Y-type’ structure (Figure 
2.8). There are two other deposition modes which have been observed, ‘X’ and ‘Z’ type. 
At present there is no complete understanding of why some molecules dip in the X and 
Z manner, as this goes contrary to the whole LB principle, though such phenomena can 
be very desirable in the field of non-linear optics where such non-centrosymmetric 
structures are required. Films which apparently deposit as X or Z-type have often been 
found to be Y-type after X-ray analysis, which means rearrangement of the 
amphiphiles during the deposition. 
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Figure 2.8 Y, X and Z type of Langmuir-Blodgett deposition 
 
Numerous characterization techniques can be used to assess structure, electrical and 
optical properties of LB film (Vandevyver and Barraud, 1988). The deposition can be 
simply monitored by UV-Vis spectroscopy. The thickness of the film can be measured 
by X-ray diffraction and reflectivity, neutron reflectivity, ellipsometry, profilometry, 
and atomic force microscopy. Structure properties can be investigated with neutron 
reflectivity and small angle X-ray reflectivity. Other techniques include 
photoluminescence and electroluminescence measurements, X-ray photoelectron 
spectroscopy, contact angle, cyclic voltammetry, scanning angle reflectometry, total 
internal reflectance, fluorescence, Near-Brewster reflectivity, surface plasmon 
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resonance, steady-state fluorescence measurements, surface force apparatus, second 
harmonic generation, electro-optic measurement, single particle light scattering, 
streaming potential measurements and thermally stimulated desorption. 
 
The superior physicochemical properties of aromatic polyimide mentioned in 2.1 have 
made it a highly useful material from which ultrathin films are fabricated. Application 
of polyimide LB film for liquid crystal alignment, photoswitching devices and 
insulation etc. has been investigated (Abe et al. 1995; Ishizaki et al., 1995; Yoon et al., 
2003; Fukuzawa et al., 2003). Since polyimide lacks amphiphilic groups which results 
in difficulty in forming a stable Langmuir film on an aqueous subphase, a precursor 
salt method has been used to fabricate polyimide LB film. Typically, polyamic acid 
octadecylamine salt (PAAS) or ester is spread as a monolayer on a water surface and 
the resulting LB film is imidized by thermal or chemical treatment (Suzuki et al., 1986; 
Kakimoto et al., 1986; Uekita et al., 1988; Schoch et al., 1993; Jing and Srinivasan. 
1998; Jing et al. 1999; Jin et al., 2002). However, the polyamic acid salt is not 
chemically and thermally stable compared with polyimide and is easily hydrolyzed. 
The polyamic acid ester is more stable but complicated to synthesize. During 
imidization, the LB film is heated to 250–350°C or treated with mixtures of aliphatic 
carboxylic acid anhydrides (dehydrating agent) and tertiary amines (that catalyze the 
cyclodehydration) and an aromatic solvent, such as benzene. However, when 
functional moieties are incorporated into the polyimide LB film, severe imidization 
conditions may destroy them. For example, the high curing temperature of PAAS LB 
films would cause the loss of dye molecules and subsequently the decrease in 
luminescence efficiency in fluorinated polyimide containing rhodamine B (Quaranta et 
al., 2001a, 2001b). 
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In this work, the soluble, imidized polyimide with pendant carboxyl groups (CPI) from 
6FDA and DABz was used to fabricate LB films. Such PI LB film is unique compared 
with previous PI LB because the imidized carboxylic polyimide is used instead of 
unstable polyamic acid. CPI is chemically and thermally stable because it has been 
imidized already. Although octadecylamine (ODA) is still needed to sablize the 
Langmuir film, its remove can be carried out at much more moderate conditions than 
imidization. Therefore, this technique helps to protect or retain the important properties 
of the functional groups. The functional groups can be attached to the polyimide easily 
because the polyimide is soluble and has active carboxyl groups. It is also easy to 
introduce functional moieties into the LB films even after the film is fabricated 
because the carboxyl groups are retained in the film.  
 
Most of the polyimide LB films are dense due to strong inter- and intra-chain 
interactions. Although a dense LB film is preferred as far as mechanical and thermal 
properties are concerned, a less dense structure is necessary for applications such as 
sensing and membrane modification, etc. where higher diffusivities are desired 
(Voronkina et al., 1993; Patel et al., 2003; Marek et al., 1997). A less dense structure 
can also help to reduce the dielectric constant which is important in microelectronics 
(Krause et al., 2001; Miller, R.D. et al., 1999). However, to our knowledge, there has 
been no report on low-density polyimide LB films. With respect to other polymeric LB 
films, Dedek et al. (1994) obtained porous LB film from calix[n]arene-based 
amphiphiles. Conner et al. (1993) investigated the permeability of a separation 
membrane coated with an LB film from a porous surfactant and found that the pores 
within film are of molecular dimensions. Their work suggested that careful molecular 
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design is important to adjust the porosity of the LB film. Skeletonised LB films have 
been investigated in order to control the structure and low-reflectance index. However, 
most of this work was carried out on fatty acids (Mahnke et al., 1999; Evenson et al., 
1997), which are not suitable for many applications. Jeong et al. (1994) and Lee and 
Kunitake (1992) prepared skeletonised LB films with polyallyamine solution as the 
subphase. By cross-linking oppositely charged polymer LB films with imide bonds, 
they found that this film can cover a porous membrane in a stable manner. 
 
In this work, a polyimide modified with dendrimer wedges (MPI) is used to fabricate 
polyimide LB film to obtain a less dense structure. Due to the spherical shape and 
porous structure of the dendrimers, they can be used to generate pores. LB films from 
dendrimers and dendrimer composites have been widely studied. There are evidences 
in literature of the use of dendrimeric components to change the density of the LB film. 
Tsukruk et al. (2001) prepared a photosensitive LB film using an 
azobenzene-containing amphiphilic dendrimer. The hydrophobic end of the branched 
dendrimer and bulky hydrophilic end provided loose packing of the central azobenzene 
group which was favorable for photoisomerization. Johnson et al. (Johnson and 
Hammond, 2000; Johnson et al., 2002) investigated the microstructure and 
composition of LB multilayer films formed from poly(ethylene 
oxide)-polyamidoamine linear-dendritic block copolymers, showing that it is possible 
to combine a linear polymer with dendritic moieties in the LB film for application as 
membrane and nanoporous materials.  
 
With the objective of producing a polyimide LB film structure with reduced density, 
we employ a thermally labile dendrimer wedge as the porogen and a soluble, 
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pre-imidized polyimide as a robust matrix to form an LB film. Thermal treatment of 
the film would result in degradation of the dendrimer wedges and will leave pores 
behind. While this concept has been investigated in cast and spin-coated films (Nguyen 
et al., 2000; Heise et al., 2000; Hedrick et al., 2002), there is still much to understand 
about the Langmuir film behavior and the effect of the dendrimer generation, which 
will be explored in this work. 
 
2.6 Layer-by-Layer Self-Assembled Film 
Besides Langmuir-Blodgett deposition, layer-by-layer (LBL) assembly is another 
typical technique to fabricate polymeric multilayer thin films. The LBL self-assembly 
technique which was developed by Decher et al. (1992) and Lvov et al. (1993) is based 
on the sequential absorption of polycations and polyanions onto a substrate. The 
advantages of this strategy include ease of fabrication, few constraints on the substrate 
topology and size, flexibility in using different material and making heterogeneous 
structure, and good reproducibility of the thickness and topology. With the 
considerable efforts of researchers in recent years, additional approaches toward the 
LBL deposition have been developed, such as covalent bonding (Kohli and Blanchard, 
2000), hydrogen bonding (Fu et al., 2002), physical absorption, charge transfer and 
molecular affinity reorganization (Oliveira et al., 2002). Among these, electrostatic 
LBL assembly (ELBL) is one of the most convenient and highly reproducible 
techniques. The ELBL multilayer films can be formed as long as the constituent 
polyelectrolytes have sufficient charge densities (Fang et al., 1997; Laurent and 
Schlenoff, 1997; Caruso et al., 1997). In addition, it is environmentally friendly and 
low-cost since aqueous solutions are employed in most cases. Investigation of this 
method has been extended to a number of materials, such as polyelectrolytes (Decher 
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et al., 1992; Lvov et al., 1993), conducting polymers (Ferreira et al., 1994; Cheung et 
al., 1994), polymers containing dyes (Ariga et al., 1997; Lvov et al., 1997a), biological 
materials (Lvov et al., 1995; Borato et al., 1997), ceramics (Lvov et al., 1996; Decher 
et al. 1994), nanoparticles and colloids (Jaiswal et al., 2003; Liu et al., 1997; Lvov et 
al., 1997b).  
 
Figure 2.9 Schematic illustration of electrostatic layer-by-layer deposition (Oliveira et 
al. 2002). 
 
In the ELBL process, spontaneous sequential adsorption of oppositely charged 
materials is carried out from dilute aqueous solutions on charged surface. Figure 2.9 
shows the schematic illustration of the ELBL deposition. Typically, a charged substrate 
is immersed in an oppositely charged polyion solution. Electrostatic attraction occurs 
between the charged surface and the oppositely charged molecules in solution. If the 
concentration of the polyion is sufficient, adsorption occurs until there is a complete 
charge reversal at the surface of the solid support. After adsorbing the first layer, the 
substrate is rinsed with a washing solution to remove weakly adsorbed material. Often, 
the film is dried in a gentle stream of nitrogen, which contributes to homogeneity of 
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the film. A bilayer is then completed by adsorption of the oppositely charged 
polyelectrolyte. The film is rinsed and dried again. By repeating of the above two steps, 
the desired number of bilayers can be obtained. Hundreds of bilayers have been 
deposited by ELBL technique in some cases, and theoretically, there is no limitation on 
the layers to be deposited. In this context, the ELBL technique is more suitable than 
LB film when a thicker multilayer film is required. It is known that in some case 
polymer LB film tend to lose their characteristic properties (e.g., optical storage 
capability (Dhanabalan et al., 1999)) when a large number of layers are deposited 
(more than 100). Other comparisons between ELBL and LB film are listed in Table 2.3. 
As ultrathin films, ELBL film and LB film share some common applications and 
methods of characterization. 
 
Experience has shown that aqueous solutions are more appropriate for ELBL film. 
Films fabricated from polymers dissolved in organic solvent may be less homogeneous, 
or multilayers may not be formed at all. Dissolution of an already deposited layer may 
occur as the attempt is made to adsorb the next layer. Nevertheless, multilayers have 
been produced from organic solvent solutions in some cases which will be mentioned. 
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Table 2.3 Comparison between Langmuir-Blodgett and Self-Assembled Film 
 
Comparison Langmuir-Blodgett film Self-assembled film 
Force between layers Hydrophilic and hydrophobic (secondary force) 
Electrostatic, hydrogen bind, covalent bind, 
physical absorption  
Level of order higher Lower 
shape of substrate Flat substrate or Rod-like Can be complicated surface 
Instrument requirement LB trough and computer control Beaker only (automatic machine available) 
Thickness limited thicker 
Application fields 
Optics and sensor covering, membrane, insulation 
or dielectric layer, molecular electronics, liquid 
crystal alignment layer, optical storage, second 
order NLO, cell membrane stimulation and other 
biological application. 
Coating of mechanical parts, sensor covering, 
nanoparticles assembly, luminescence layer, optical 
storage, surface relief grating (SRG), second order 
nonlinear optics (NLO), hybrid nanocomposites. 
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As far as experimental conditions are concerned, the adsorption process depends on the 
concentration, the pH, and the ionic strength of the polymeric solution, the 
polyelectrolyte charge density, the type of substrate, and the immersion time. The 
mechanisms of adsorption of polyelectrolytes by ionic interaction have been 
investigated for years (Fleer et al., 1993). Polyelectrolyte adsorption depends on the 
molecular weight of the polymer, its linear charge density, the charge distribution along 
the chain, the ionic strength of the solution, substrate charge, and nonelectrostatic 
affinity between the substrate and the polyelectrolyte.  
 
Molecular weight is an important parameter because small molecules are the first to be 
adsorbed. As the adsorption equilibrium is reached, larger molecules replace the small 
molecules (Fu and Santore, 1998).  
 
Hoogeveen et al. (1996) investigated the effect of charge density on the ELBL 
deposition (Figure 2.10) by changing pH of the polyelectrolyte solutions. He proposed 
three situations: (a) the polymer charge density if too low (e.g.,<5% of all possible 
ionizable groups, in other words, amount of charged units among all the repeat units) 
for adsorption of an oppositely charged layer to occur (i.e., there is very little 
complexation and multilayers are not formed); (b) at a higher polymer charge density 
(5%-20%), adsorption takes place but some desorption may also be present ( in this 
case, there may be no multilayer formation or the multilayers are unstable); (c) for 
polymer charge densities above 20%, the multilayers formed are stable.  
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Figure 2.10 Complex formation of a highly charged anionic polymer with a substrate 
precovered with a cationic polymer 
 
 
A qualitative understanding can be achieved by summarizing the driving forces. Thin 
adsorbed layers are usually obtained for polymers with high levels of segmental 
repulsion of the ions distributed along the chain. The adsorbed chains adopt a more 
extended conformation on the surface. Thicker layers are produced if the ionic 
repulsion is reduced， resulting in a greater fraction of the polymer being adsorbed as 
loops and tails. Such reduction can be achieved by increasing the ionic strength of the 
polymer solution and/or reducing the charge density of the polymer.    
 
Despite the advantages of the ELBL technique, the ELBL assembled films are not 
strong enough to withstand elevated temperatures, mechanical wear and polar solvent 
attack. Additionally, the ELBL films are relatively permeable due to their weak ionic 
interaction among the layers and high water absorption (Harris and Bruening, 2000; 
Lösche et al., 1998; Schlenoff et al., 1998). Therefore, various strategies have been 
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investigated to enhance the strength and stability of the ELBL films, among which 
covalent interlayer crosslinking of the ELBL films is a promising method. Dai et al. 
(2000) prepared a poly(acrylic acid)-poly(allylamine hydrochloride) (PAA/PAH) 
ELBL ultrathin film on an oxidized Al substrate, and crosslinked this film by thermal 
treatment. The thermally treated film has lower permeability and higher resistance 
against corrosion than the as-deposited film. When applied in coating of separation 
membrane, results of Dai et al. (2001) showed that the stability of the crosslinked 
PAA/PAH ELBL ultrathin film was improved significantly over a wide range of pH. 
Apart from thermal treatment, ultraviolet irradiation has also been used to induce 
covalent crosslinking. Wang, J. et al. (2002) prepared an ELBL film from a diazo resin 
and poly(amidoamine) dendrimer with carboxyl terminal groups and showed that after 
UV irradiation induced crosslinking, the stability of the film with respect to polar 
solvent, strong electrolyte and surfactant solution was improved. Chen and Cao (1999) 
prepared a photosensitive ultrathin film from diazo and phenol-formaldehyde resins 
via hydrogen bonding and demonstated improved stability after crosslinking by UV 
irradiation. 
 
Because most polyimides are not readily soluble in aqueous solution, polyamic acids 
have been used as polyanions to deposit LBL self-assembled films. Post deposition 
treatment such as chemical or thermal imidization is necessary to change the polyamic 
acid to the corresponding polyimide (Baur et al., 1995). A polycation is typically used 
between the polyamic acid layers, such as polydiallyl dimethylammonium chloride 
(PDDA) (Anderson et al., 2001; Moriguchi et al., 1999), poly(allylamine 
hydrochloride) (PAH), polyaniline (PAni), and the tetrahydrothiophene precursor of 
poly(p-phenylenevinylene) (PPV) (Baur et al., 1995). Positively charged nanoparticles, 
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such as Fe3O4 have also been used as cations (Liu et al., 1997). However, polyamic 
acid is not stable in aqueous solution and can be hydrolyzed, which results in lower 
molecular weight and negative effects on physical properties of the thin film, while 
polyimide (i.e. the imidized form) is more stable in aqueous solution due to the strong 
imide bonds in the polymer chain. Choi et al. (2004) synthesized a series of 
alkali-soluble aromatic polyimides from 3,6-di(4-carboxyphenyl)pyromellitic 
dianhydride and common aromatic diamines, and used them in layer-by-layer 
self-assembly by sequential dipping a substrate in the polyimide NMP solution and 
polyethylene imine (PEI) aqueous solution. Song and Wang (2003) prepared a series of 
base polyimides containing a tertiary amine unit from 
1,4-bis(3-aminopropyl)piperazine and different dianhydrides, and a carboxylic 
polyimide. A multilayer was prepared by alternate spin-coating of the base polyimide 
in chloroform and carboxylic polyimide in tetrahydrofuran. They suggested hydrogen 
bonding as the possible interaction between the amine-containing and carboxylic 
polyimides. In this work, the carboxylic polyimide (CPI) was used as the polyanion to 
deposit an ELBL film and  p-phenylene diamine (PPD) as the cation.  The 
mutli-layered stack was crosslinked by thermal treatment. To our knowledge, there has 
been no report about the use of diamine as a bridge between polyimide layers to form 
ELBL self-assembled film. The first advantage of using diamine directly in ELBL 
deposition is low-cost. Polymers need to be synthesized from monomers which add up 
to their cost. The second advantage is more accessible active functional groups 
compared with polymer. If polymers are used in deposition of ELBL film, the 
functional groups may be inaccessible due to the polymer chain conformation. Thirdly, 
PPD small molecules introduce small molecules have less impact in the polyimide 
LBL film than polycations because of the fewer amounts (weight percent) of small 
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molecules absorbed in LBL compared with the polycations. Therefore, most of the 
components of the ultrathin film are robust polyimide. Finally, the phenyl ring in the 
PPD molecule is stronger than alkyl chains and can help to enhance the structure 
further because the stability and strength of the LBL film is determined by the weakest 
materials or structures. In other words, though polyimide layers are stable and robust, a 
weak intermediate layer such as poly(allylamine hydrochloride) may collapse first 
under severe conditions.  
 
Small molecules face some difficulties in ELBL film deposition, because, the small 
molecules may be extracted from the surface when the film is immersed in the polymer 
solution. It is especially true when PPD is used, which is small with only one phenyl 
ring and two negatively charged functional groups. Therefore, careful optimization of 
the conditions or extra aids should be used to obtain successful deposition. Results of 
Linford et al. (1998) and Tedeschi et al. (2000) show that the ionic strength of the 
polymer solution plays a critical role in this competition. They found that very high or 
very low ionic strength can help to suppress the extraction and thus obtain successful 
absorption of the small molecules. Wang et al. (2004) succeeded in employing a DC 
electric field to enhance the absorption of a dye. In this work, reproducible 
layer-by-layer deposition was successfully obtained after optimization of the 
deposition conditions. Subsequently, thermal treatment was carried out to allow the 
formation of the covalent crosslink between the amine group in PPD and the carboxyl 
group in CPI. Finally, the stability of the covalently crosslinked ELBL thin film 
(CELBL) to various solvents in ultrasonic bath was examined.  
 
In Chapter 8, a direct self-assembly towards covalent LBL film (CLBL) is used, as an 
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alternative method of crosslinking to make a robust ultrathin film. The direct covalent 
LBL film has been investigated by some researchers recently. Liu Y. et al. (1997) 
prepared CLBL film from polyamidoamine (PAMAM) and Gantrez through the 
reaction between amine and anhydride. Kohli and Blanchard (2000) prepared CLBL 
from diisocyanates and diamines through a urea moiety. Zhao et al. (1999) prepared 
CLBL film from amine- or hydroxyl-terminated poly(amidoamine) (PAMAM) 
dendrimers or amine-terminated poly(iminopropane-1,3-diyl) dendrimers (64-Cascade), 
and the copolymer poly(maleic anhydride)-c-poly(methyl vinyl ether). The amide 
linkage was then transformed to imide linkage by thermal treatment. Major and 
Blanchard (2001) prepared CLBL from 4-hydroxyphenylmaleimide and ethyl vinyl 
ether 2-diisopropylphosphonate. The maleimide-vinyl ether (MVE) polymer layers are 
reacted at the maleimide hydroxyl functionality with adipoyl chloride to form an ester 
linkage, and the terminal acid chloride functionality is reactive toward subsequent 
deposition of another MVE polymer layer. Serizawa et al. (2002) activated poly(acrylic 
acid) with 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide hydrochloride (EDC) and 
reacted with poly(vinylamine-co-N-vinylisobutylamide) to form amide linked CLBL. 
All these works show the feasibility of direct covalent layer-by-layer deposition. 
 
In this work, the carboxylic polyimide (CPI) and 1,4-phenylene diisocyanate were used 
to deposit a CLBL film. 1,4-Phenylene diisocyanate (PDI) was used between the 
carboxylic polyimide layers as bridge layer due to its suitable chemical activity. The 
diisocyanate is widely investigated in synthesis of polyimide (Yeganeh et al., 2004), 
polyurea (Mwaura et al., 2003) and polyurethane (Lee et al., 2003) because it can react 
with –OH, -NH2, -COOH under moderate condition. When the isocyanate group reacts 
with carboxyl group, an amide linkage can be formed with elimination of a CO2 
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(Goldschmidt and Wick, 1952). Persson et al. (2001) used PDI in self-assembly of 
alkanethiols on gold. PDI was bonded to the OH end of the thiols and the free 
isocyanate group reacted as an anchor point for other functional moieties. In this work, 
PDI and CPI were used sequentially to deposit CLBL self-assembled film. The 
deposition and properties of the film were monitored and characterized by ellipsometry, 
UV-Vis, XPS and AFM. The stability of the film against solvent and thermal attack 
was tested and compared with an ELBL film from p-phenylene diamine (PPD) and 
CPI. 
 
2.7 Nanoparticles/Polymer Composite Ultrathin Film 
Composite metal nanoparticles and polymer ultrathin films are major research areas in 
nanoscale science and engineering. The desired optical, electrical, or reactive 
properties of the metal nanoparticles can be enhanced in the polymer ultrathin film, 
and at the same time, the polymer thin film can improve the thermal, chemical and 
mechanical stability of the nanoparticles, and provide greater flexibility as a 
transferable medium (Grieve et al., 2001). The preparation of such composite ultrathin 
films can be loosely classified into three groups: (1) metal nanoparticles formed in situ 
in polymer ultrathin film from precursors such as metal salts (Fritzsche et al., 1998; 
Zhang et al., 2002); (2) pre-formed metal nanoparticles used together with polymer to 
fabricate ultrathin film (Fritzsche et al., 1998; Chumanov and Malynych, 2002; 
Chapman and Mulvaney, 2001; Malynych et al., 2001; Cassagneau et al., 1999); (3) 
metal precursors or nanoparticles percolated into polymer ultrathin film (Wang T.C. et 
al., 2002a; Hu et al., 2000; Akamatsu and Deki, 1997). Figure 2.11 shows the detailed 




Figure 2.11 Schematic illustration of the methods for preparing amphiphilic 
particle-films (Grieve et al., 2001). 
 
In this work, a silver nanoparticle/polyimide composite ultrathin film was prepared by 
Langmuir-Blodgett (LB) method. Silver nanoparticles have been investigated for 
potential catalytic (Moyer et al., 2000), photonic and electrooptic (Maxwell et al., 2001; 
Zeng et al., 2002) applications due to its special structures and physicochemical 
properties which are dramatically different from its bulk and micron-sized counterparts. 
Silver is investigated also due to its high reflectivity and conductivity (Southward and 
Thompson, 2001). Ordered silver nanoparticles/polymer ultrathin thin films were 
fabricated mainly by the second and third methods. In the second method, silver 
nanoparticles are first prepared in solution, and then used to fabricate thin film with 
polymer. Chapman and Mulvaney (2001) prepared silver nanoparticles using 
poly(acrylic acid) as stabilizer and fabricated layer-by-layer self-assembly with 
poly(diallyldimethylammonium chloride). The films displayed strong surface plasmon 
band absorption and negligible light scattering. In the report of Malynych et al. (2001), 
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silver nanoparticles were self-assembled in two-dimensional arrays on quartz and 
silicon surfaces and coated with poly(dimethylsiloxane) (PDMS).  After peeling off 
the surface, the nanoparticles in their original arrangement were embedded in the resin 
film. In the third method, silver ions or silver nanoparticles percolate the preformed 
polymer thin film and are embedded in the polymer matrix. Wang T.C. et al. (2002b) 
fabricated a layer-by-layer self-assembly from poly(acrylic acid) (PAA) and 
poly(allyamine hydrochloride) PAH. When immersing this film in silver salt solution, 
the carboxyl groups in PAA can bind silver ions via ion exchange. Silver nanoparticles 
were formed by reducing the bonded silver ions. Metal nanoparticles can percolate 
polymer also by relaxation of the polymer. In report of Akamatsu and Deki (1997), Au, 
Ag, and Pd were deposited on the surface of nylon 11 thin film by a vacuum 
evaporation technique. After heating at temperatures above the glass transition 
temperature of the nylon 11 matrix, the metal nanoparticles were dispersed in the 
matrix with the effect of structural relaxation of the nylon molecular chains.  The 
metal nanoparticles were well isolated individually and the mean size of the particles 




Figure 2.12 Schematic illustration of incorporation of nanoparticles in LB film (Grieve 
et al., 2001) 
 
Figure 2.12 illustrates the schemes of incorporating nanoparticles into LB films. Using 
a metal salt solution as the subphase in the fabrication of a polymer LB film, followed 
by metal ion reduction can be categorized under the first method. This method can 
offer considerable possibilities for particle-film synergy, molecular-level control over 
film thickness and particle size and distribution. The metal ion in the subphase can also 
help to stabilize the Langmuir monolayer and facilitate high quality film transfer. The 
metal salt can be reduced to form metal nanoparticles in situ inside the LB stacks by 
exposure to a reducing gas such as N2H4 (Elliott et al., 1995, 1998), CO (Elliot, 1997) 
and H2 (Hemakanthi and Dhathathreyan, 1999), or by photoreducing under UV light 
(Zhang et al., 2002). To our knowledge, there is no report on using a polymer to 
fabricate such a composite LB film with a silver salt. Fatty acids such as arachidic acid 
(Fan et al., 1996) and behenic acid (Leloup et al., 1985; Vandevyver et al., 1986) have 
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been used to fabricate silver nanoparticles composite LB film. However, fatty acids are 
not chemically and thermally stable and mechanically strong compared with polymer. 
Among polymers, polyimide is superior due to its physicochemical properties such as 
high thermal stability, chemical resistance, good mechanical strength and low 
dielectric constant. The challenge in using a LB method is that most aromatic 
polyimides are not readily soluble and the lack of amphiphilic groups. In this work, 
two methods were used to incorporate silver nanoparticles in a soluble carboxylic 
polyimide. In the immersion method, a CPI LB film was prepared from CPI-ODA salt 
followed by thermal treatment. The LB film was dipped into a silver nitrate solution in 
methanol and exposed to UV irradiation to reduce the silver complex and form 
nanoparticles. In the subphase method, pure CPI solution was spread on the surface of 
silver nitrate solution and the CPI Langmuir layer was transferred to substrate by LB 
deposion. Silver ions and carboxyl groups in CPI form a complex which was 
subsequently converted to nanoparticles by UV irradiation. The morphology of the 
film, size and shape of the nanoparticles, chemical states and the changes in refractive 
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Chapter 3  
Modification of Carboxylic Polyimide 
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3.1 Introduction 
In this chapter, synthesis of a carboxylic polyimide (CPI) from 4,4'-(hexafluoro 
isopropylidene)diphthalic anhydride (6FDA) and 3,5-diaminobenzoic acid (DABz), as 
well as modification of the CPI with dendrimer wedges, is investigated. The thermal 
properties of the polyimide and modified polyimide are studied extensively. The pore 
distribution and density of the polyimide and modified polyimide films are discussed 




4,4'-(hexafluoro isopropylidene) diphthalic anhydride (6FDA, Fluka) and 
3,5-diaminobenzoic acid (DABz, Aldrich) were purified by recrystallization over 
acetic anhydride and deionised water, respectively. N-methyl-2-pyrrolidone (NMP, 
Merck), N,N-dimethylacetamide (DMAc, Merck), tetrahydrofuran (THF, Merck), 
1,4-dioxane (Merck), dimethylformamide (DMF, Merck) and benzene (ACROS) were 
distilled. Tris(hydroxymethyl))aminomethane (Riedel-dehaën, 99.5%), acrylonitrile (Fluka, 
99.5%), nitromethanetrispropionic acid (Aldrich, 97%), dicyclohexylcarbodiimide (DCC, 
Tokyo Kasei Kogyo Co., Ltd., 98%) and 1-hydroxybenzotriazole (HOBt, ACROS, 
98%) were used as supplied.  
 
3.2.2 Synthesis of Carboxylic Polyimide (CPI) 
Typically, 0.4563 g (0.003 mol) DABz and 18 mL NMP were stirred under nitrogen at 
room temperature in a 3-necked flask. 1.3326 g (0.003 mol) 6FDA was added to the 
solution. After stirring for 12 h at room temperature, the solution was heated to 200 oC 
and held at that temperature for 6 h. Upon cooling down to room temperature, the 
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solution was added dropwise to vigorously stirred methanol. After stirring for 12 h, the 
precipitated polyimide was filtered and dried in vacuum.  
 
3.2.3 Synthesis of Dendrimer Wedges 
The dendrimer wedge was prepared following Newkome et al. (1991, 1996) and 
Brettreich et al. (1998).  4.845 g (0.04mol) tris(hydroxymethyl)aminomethane was 
dissolved in 48 mL dioxane. 0.024 g KOH was added and the solution was stirred for 
10 min in an ice-water bath. Then, 8.6 mL (0.13 mol) acrylonitrile was added dropwise 
and the mixture was stirred for 4 h in the ice-water bath, followed by stirring for 24 h 
at room temperature to produce tetrakis[(cyanoethoxy)methyl]-methane 
(1NH2-head-3CN-end). The mixture was neutralised with 5% HCl solution and 
extracted with ethyl acetate. The extract was washed with a saturated solution of 
NaHCO3 and water, dried over anhydrous Na2SO4 and evaporated to dryness in 
vacuum at room temperature to give the first generation dendrimer wedge. 
 
The second generation dendrimer wedge was synthesized by the convergent method. 
1.6632 g (0.006 mol) nitromethanetrispropionic acid was dissolved in 20 mL DMF.  6.055 
g (0.0216 mol) 1NH2-head-3CN-end and 2.919 g (0.0216 mol) HOBt were added and 
the solution was stirred in an ice bath for 10 min. 4.457 g (0.0216 mol) DCC was 
added slowly and the solution was stirred for 4 h in the ice bath and then for 48 h at 
room temperature. The resulting solution was filtered and DMF was removed with a 
rotary evaporator. The residue was dissolved in 200 mL ethyl acetate, washed in 
succession with 5% HCl solution, saturated NaHCO3, and deionised water, and dried 
with anhydrous Na2SO4. Ethyl acetate was evaporated to give the second generation 
dendrimer wedge with a NO2 head and 9 CN terminal groups (1NO2-head-9CN-end). 
The collected 1NO2-head-9CN-end was reduced by H2 in 100 mL dry methanol with 1 
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g Raney-Nickel as catalyst under ambient pressure for 24 h to give NH2-headed second 
generation dendrimer wedge (1NH2-head-9CN-end). This was purified by column 
chromatography on silica gel.  
 
3.2.4 Modification of Polyimide 
Typically, 1.603 g (0.0028 mol) CPI was dissolved in 10 mL THF for 12 h. 0.840 g 
(0.003 mol) 1NH2-head-3CN-end (or equivalent moles of 1NH2-head-9CN-end) and 
0.405 g (0.003 mol) of HOBt were added. The solution was stirred in an ice-water bath 
together with 0.618 g (0.003 mol) of DCC. Stirring was continued for 4 h in the ice 
water bath and for 24 h at room temperature. The resulting solution was filtered and 
the filtrate was added dropwise to vigorously stirred methanol. After stirred for 12 h, 
the precipitated polymer was filtered and dried in vacuum. Polyimide modified by first 
and second generation nitrile-ended dendrimer wedge (1MPI and 2MPI, respectively) 
were obtained as greyish white powders. Figure 3.1 shows the molecular structure of 
the carboxylic polyimide and modified polyimide. 
 
3.2.5 Thin Film Fabrication 
The CPI or MPI was dissolved in DMAc (0.15 g/mL) at room temperature for 48 h. 
The solution was spin-coated on a glass slide at 300 RPM for 10 s and then at 1000 
RPM for 20 s, dried in vacuum at 100 oC for 24 h. Some of the films were heated 
under nitrogen at 240 oC or 370 oC for 24 h. 
 
3.2.6 Characterization 
The average molecular weight of the synthesized CPI and MPI was determined by 
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HPLC- GPC (Hewlett-Packard 1100) with an Agilent Plgel 5µm mixed C column. The 
mobile phase was THF with a flow rate of 1.0 mL/min. The values of Mn, Mw, and 
Mw/Mn were calculated by means of a calibration curve obtained from the standard 


































































(c) Second generation dendrimer wedge modified polyimide, R=CN. 
Figure 3.1 Molecular structures of carboxylic polyimide and modified polyimide 
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H1 NMR and C13 NMR spectra were recorded with a Bruker, AMX500 NMR 
spectrometer, using dimethylsulfoxide as solvent. 
 
FTIR absorption spectra were measured with a Shimadzu DR-8101 FTIR 
spectrophotometer by accumulating 16 scans at a resolution of 4 cm-1. The sample was 
prepared in the form of pellets together with KBr. 
 
Thermal gravimetric analyses (TGA) were performed (TA instruments, TGA 2050) 
under nitrogen flow. The samples were heated from 25 to 900 oC at a rate of 10 
oC/min.  
 
Differential scanning calorimetry (DSC) was performed using a Mettler-Toledo (DSC 
822e) instrument, with a ramp rate of 5 oC/min up to 600 oC. 
 
The density of the film was measured with a Density Determination Kit (Metter Toledo) 
using 1-butanol as solvent. 
 
The porosity distribution of the films was investigated by butanol intrusion. The films 
were submerged in butanol for specific time. Gentel nitrogen was used to blow away 
the extra butanol on the surface. The removal of the butanol that is trapped in the pores 
was carried out and monitored with TGA. 
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3.3 Results and Discussion 
3.3.1 NMR Spectra of Carboxylic Polyimide and Modified 
Polyimide 
The H1-NMR spectrum of CPI is shown in Figure 3.2. The broad peak at 13.49 ppm 
represents hydrogen in pendant carboxyl group. The peaks 1-5 from 7.80 to 8.21 ppm 
represent the hydrogens as shown in the inset. The peaks at 10.97 and 10.33 ppm 
represent the un-imidized carboxyl group and amine group in CPI, which are much 
lower than that of the pendant carboxyl group at 13.49 ppm. There is no evidence that 
the carboxyl group in the CPI reacts with amine group in DABz. This may be due to 



















































Figure 3.2 H1-NMR spectrum of CPI 
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Figure 3.3 shows the C13-NMR spectra of the carboxylic polyimide and the modified 
polyimide. The spectrum of the CPI shows peaks at 165.69, 165.52 and 165.31 ppm, 
which represent the carbonyl groups in the imide ring and the carboxylic acid group. 
The spectrum of the 1MPI shows a new peak at 165.14 ppm representing the amide 
linkage between the dendrimer wedge and polyimide. The spectrum of 2MPI shows 









Figure 3.3 C13-NMR spectra of CPI, 1MPI and 2MPI 
 
3.3.2 FTIR Spectra of Carboxylic Polyimide, Dendrimer Wedges 
and Modified Polyimide 
The FTIR spectrum of CPI is shown in Figure 3.4. The peaks at 1728 and 1788 cm-1 
represent symmetric and asymmetric stretching modes of C=O in imide ring. The peak 
at 1358 cm-1 represents stretching of C-N in the imide ring. The peak at 721 cm-1 
represents deformation of the imide ring. These four peaks are typical indication of 
polyimide structure which may shift a little due to different monomers and methods of 
synthesis. The peak at 3094 cm-1 is a clear evidence of the pendant carboxylic group. 
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The incomplete imidization, as indicated by peak at 3477 cm-1, may be the 
consequence of not employing a catalyst (which was done so as to avoid problems 
during purification) and imidizing at a relatively low temperature of 200 oC, which is a 
bit lower than the boiling point of NMP (202 oC). Furthermore, the monomer, DABz 
has the carboxyl group in the meta position as a strong electron drawing group. This 
would result in lower reactivity of DABz. However, by comparing the area under 
peaks in NMR (Figure 3.2), it can be seen that the amounts of hydrogen from any 
un-imidized carboxyl groups at 10.97 ppm and amine groups at 10.33 ppm are much 
less than that from the pendant carboxyl group at 13.49 ppm. The reason why the 
unimidized amide peak is significant in FTIR spectra can be attributed to 
intramolecular and intermolecular hydrogen bonding, and the presence of moisture. In 
any event, the residual polyamic acid can be imidized by thermal treatment in the 
further treatment. During the thermal treatment, the crosslink formed between the 
residual unimidized groups may help to increase the mechanical strength. Since the 
aim of this thesis is to modify and process the polyimide using the pendant carboxylic 
groups, it is important that the active pendant carboxyl groups are retained after 
synthesis, which is proven by NMR and FTIR spectra. 









Figure 3.4 FTIR spectrum of CPI 
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Figure 3.5 FTIR spectrum of first generation dendrimer wedge 








Figure 3.6 FTIR spectrum of second generation dendrimer wedge 
 
 
Figure 3.5 and 3.6 show the FTIR spectra of the first and second generation dendrimer 
wedges. The FTIR spectrum of the first generation dendrimer wedges shows peaks at 
3376 cm-1 and 3311 cm-1 ( stretching of NH2), 2916 cm-1 and 2877 cm-1 (stretching of 
CH2), 2252 cm-1 (stretching of C≡ N), 1589 cm-1 (deformation of C-N), 1224 cm-1 
(stretching of C-N), 1117 cm-1 ( stretching of C-O-C), and 873 cm-1 (wag of  C-N). 
The FTIR spectrum of the second generation dendrimer wedges shows a new strong 
 53
peak at 1669 cm-1 (stretching of amide group), indicating formation of amide linkage 
in the second generation dendrimer wedge. The broad peak at 3343 cm-1 is due to 
stretching of N-H in amine and amide groups which are overlapped. 





Figure 3.7 FTIR spectrum of 1MPI 
 






Figure 3.8 FTIR spectrum of 2MPI 
 
In the FTIR spectrum of the 1MPI and 2MPI (Figure 3.7 and 3.8, respectively), the 
peak at 2252 cm-1 is retained, indicating the presence of the CN group in the modified 
polyimide. This peak in the spectrum of 2MPI is much higher than that of 1MPI, 
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suggesting higher content of CN groups in the polyimide modified with the second 
generation dendrimer wedges. The other peaks at 2935 and 2879 cm-1 in the spectrum 
of 1MPI and 2249 and 2879 cm-1 in the spectrum of 2MPI due to CH2 stretching 
provide clear evidence of the expected molecular structure. 
 
3.3.3 Molecular Weight 
The molecular weights of CPI, 1MPI and 2MPI are shown in Table 3.1. The Mw  of 
CPI, 1MPI and 2MPI are 7.61×104, 9.81×104 and 2.05×105 g/mol, respectively, 
suggesting increase of the molecular weight after modification. The GPC 
chromatograms show unimodal shape. The relatively low molecular weight of the 
carboxyl polyimide may be due to the low activity of DABz. Appropriate reaction 
conditions such as long reaction time, high reaction temperature, and suitable solvent 
have been adopted to maximize the molecular weight. 
Table 3.1 Molecular weights of CPI, 1MPI and 2MPI 
Material Mn  
(×104 g/mol) 
Mw  
(×104 g/mol) Mw / Mn  
CPI 4.26 7.61 1.78 
1MPI 4.34 9.81 2.26 




The CPI is soluble in dipolar aprotic solvents such as dimethylformamide (DMF), 
dimethylsulfoxide (DMSO), N,N-dimethylacetamide (DMAc), 
N-methyl-2-pyrrolidone (NMP), as well as in tetrahydrofuran (THF) and basic 
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aqueous solution (pH=13). The high solubility is mainly due to the presence of 
hexafluoro-isopropylidene (–C(CF3)2–) kink in 6FDA, which decreases the symmetry 
and rigidity of the polyimide backbone. DABz contribute to the solubility to some 
extent due to the inhibition of packing of the polymer chains. The solubility in basic 
aqueous solution can be attributed to the solvation or ionization of the carboxyl group 
in DABz. 
 
3.3.5 Thermal Properties 


















 CPI from 6FDA and DABz
 PI from 6FDA and DDE
 
Figure 3.9 TG of CPI from 6FDA and DABz and polyimide from 6FDA-DDE 
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Figure 3.10 TG of 1MPI and 2MPI 
 
The TG curves of the CPI and polyimide from 6FDA and DDE (4,4’-diaminodiphenyl 
ether) (Yap, 2001), are shown in Figure 3.9. Due to decomposition of the carboxyl 
group, the PI starts to lose weight from 430 oC onward. The main chain decomposes at 
510 oC. When the carboxyl group is not present as in the case of PI from 6FDA and 
DDE, the decomposition starts only from 520 oC. The TG curves of the 1MPI and 
2MPI are shown in Figure 3.10. The 1MPI starts to lose the nitrile group from 201 oC. 
The weight loss from 341 oC is attributed to decomposition of the dendrimer. The 
2MPI start to lose weight at lower temperature of 182 oC and the total weight loss is 
higher than 1MPI. 
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Figure 3.11 FTIR spectra of 1MPI film after thermal treatment 
 
Figure 3.11 shows the FTIR spectra of the 1MPI film after heating at 240 oC (M2) and 
370 oC (M3). There is no peak at 2250 cm-1 in the spectrum of M2, indicating the 
removal of the nitrile groups. In the spectrum of M3, the peaks at 2980 and 2990 cm-1 
are much smaller than those in spectrum of M2, indicating that most of the dendrimer 
wedges were removed. 
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Figure 3.12 DSC of CPI, 1MPI and 2MPI 
 
From the DSC curve of the CPI, 1MPI and 2MPI (Figure 3.12), it can be seen that the 
glass transition temperature of the CPI is from 350 to 370 oC, while the 1MPI and 
2MPI do not show a clear Tg. The high Tg of CPI may be due to the hydrogen bond 
formed between the carboxyl groups and the resulting reduced mobility of the polymer 
chains. 1MPI has an endothermic peak from 187 to 228 oC due to decomposition of 
nitrile group. Decomposition of dendrimer wedge in 1MPI contributes to the 
endothermic peak of 1MPI from 324 to 423 oC. The DSC curve of 2MPI shows earlier 
and broader corresponding peaks. When the temperature is raised beyond 490 oC, the 
pendant carboxyl group in CPI starts to decompose, which contributes to an 
exothermic peak. The DSC curves of 1MPI and 2MPI also show an exothermic peak 
starting from 500 oC, which may be attributed to the amide linkage. The endothermic 
peaks following the exothermic peaks can be attributed to the decomposition of 
polyimide backbone. Thus, the DSC curves are consistent with the TGA curves. 
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3.3.6 Porosity of Polyimide Films 
 
Table 3.2 Density of CPI, 1MPI and 2MPI film 
 
Density of the film (g/mL) 
Material 
As-prepared Heated at 240 oC Heated at 370 oC 
CPI 1.41 1.43 1.47 
1MPI 1.15 1.09 0.92 
2MPI 1.10 1.05 0.89 
 
The densities of the films from CPI, 1MPI and 2MPI are shown in Table 3.2. It can be 
seen that the density of the CPI increases from 1.41 to 1.43 and 1.47 g/mL after 
heating at 240 and 370 oC due to the relaxation and rearrangement of the polymer chains. 
However, the density of the modified polyimide film decreased after thermal treatment. 
Especially, after heating at 370 oC, the density of 1MPI and 2MPI films decrease to 
0.92 and 0.89 g/mL. The decrease is due to the removal of most of the dendrimer 
wedges. It can be attributed that, due to the larger dendrimer wedges in 2MPI, the 
density of 2MPI film decreases to greater extent than does the density of 1MPI. 











 2MPI heated at 370oC
 1MPI
 1MPI heated at 370oC
 CPI











Figure 3.13 TG of butanol intruded CPI and MPI film for 12 h 
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Figure 3.14 TG of butanol intruded CPI and 1MPI film (thermally treated at 370 oC) 
for shorter duration 
 
Butanol intrusion experiments were carried out to test the porous structure. The CPI 
and MPI films were immersed in butanol for 12 h. After drying with nitrogen at room 
temperature, the removal of butanol was monitored by TGA (Figure 3.13). Clearly, the 
MPI film absorbed more butanol, suggesting more pores than unmodified polyimide. 
Also, the porosity of the thermally treated MPI is higher than that of untreated MPI, 
evidenced by absorption of more butanol. Most of the butanol is lost before 56 oC, and 
the curves are flat after that, suggesting that the porosity distribution is narrow. For 
untreated films, the weight loss occurs over a larger temperature range, indicating less 
uniform porosity. In order to investigate the effect of channel structure inside the films, 
if any, butanol intrusion over shorter duration was conducted in contrast to immersions 
time of 12 h for samples in Figure 3.13. Open pores or channels would provide facile 
pathways for the introduction of solvent resulting in quick uptakes and consequent 
increase in weight over relatively shorter time. The films of CPI and 1MPI after 
thermal treatment at 370 oC were immersed in butanol for 2 and 5 h respectively and 
tested. The TGA of these intruded films shows less than 2.5% weight loss (Figure 
3.14), strongly suggesting the absence of channel structure or pathway. BET test 
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(Quantachrome BET surface area  pore size analyzer, Nova 3000) was attempted to 
measure the porosity. However, it failed to give significant results because most pores 
are probably inaccessible from the surface. 
 
3.4 Conclusions 
Porous polyimide films were obtained by employing dendrimer wedges as pore forming 
agents. A soluble polyimide having pendant carboxyl groups (CPI) was synthesized by 
one-pot polycondensation of 4,4’-(hexafluoro isopropylidene) diphthalic anhydride (6FDA) 
and 3,5-diaminobenzoic acid (DABz) in N-methyl-2-pyrrolidone (NMP). The CPI was 
modified by attaching dendrimer wedges to the pendant carboxylic group. The 
H1-NMR, C13-NMR and FTIR spectra indicate the successful synthesis and 
modification of the polyimide. There is a small amount of residual polyamic acid that 
is revealed by FTIR and H1-NMR. However, such residue is limited and can be 
imidized by further treatment. From TG and DSC, it can be seen that the CPI is 
thermally stable until 430 oC with glass transition temperature from 350 to 370 oC. The 
modified polyimide, 1MPI and 2MPI start to lose the dendrimer wedges from 201 and 
182 oC, respectively. Investigation with FTIR spectra shows that the nitrile terminal 
groups degrade first, followed by the dendrimer wedges. The density of the CPI film 
increases after thermal treatment due to rearranging of the polymer chains. In contrast, 
the density of the MPI films decreases due to the decomposition of the dendrimer 
wedges. The butanol intrusion testing confirms that the porosity of the MPI increases after 
thermal treatment. Butanol intrusion for shorter time and failure in BET indicate the 









PART II  




















Chapter 4  
Fabrication of Langmuir-Blodgett Film from Carboxylic 




In this chapter, the carboxylic polyimide synthesized in Chapter 3 is used to fabricate a 
Langmuir-Blodgett film. The carboxyl groups in CPI are reacted with octadecylamine 
(ODA) to form an amphiphilic polymeric salt, which is deposited onto substrates by 
the LB method. The ODA is removed by different post-treatments. The 
physicochemical properties of the films before and after treatments are elucidated by 




The carboxylic polyimide (CPI) was synthesized as in Chapter 3. 
N-methyl-2-pyrrolidone (NMP, Merck) was distilled under reduced pressure. Benzene 
(ACROS) and chloroform (Merck) were distilled under ambient pressure. Silver nitrate 
(Merck, 99.8%), octadecylamine (ODA, Merck, 98%), octadecyltrichlorosilane (OTS, 
Aldrich, 90%), acetic anhydride (Merck, 98.5%) and pyridine (Merck, 99.5%) were 
used as received. 
 
4.2.2 Synthesis of Polyimide Salt 
0.46 mg/mL (0.0017 mmol/mL) of octadecylamine (ODA) and 0.96 mg/mL (0.0017 
mmol/mL) of CPI were prepared as separate solutions in a mixed solvent of benzene 
and NMP (1:1). The CPI-ODA solution for spreading was prepared by mixing the 
ODA and CPI solutions in a volume ratio of 1:1, so that equal amounts of carboxylic 
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functional groups and amine groups would react to form salt. 
 
4.2.3 Deposition of LB Film 
Silicon wafers (Wellbond), gold-coated silicon wafers (Wellbond) and quartz slides 
(Achema) were used as substrates. Silicon wafers and quartz slides were washed with 
detergent and rinsed with deionised water and acetone. They were then immersed in 
H2SO4/H2O2 (7:3) solution (Piranha solution) for 50 min in an ultrasonic bath, rinsed 
with deionised water and acetone and dried with nitrogen. Since the piranha solution is 
highly oxidising, extreme care should be taken when handling it. To render them 
hydrophobic, the cleaned substrates were immersed in a 3 mM OTS solution in 
chloroform for 12 h, washed with chloroform and dried with nitrogen. Gold-coated 
silicon wafers were used for FTIR investigation. They were washed with detergent, 
THF and deionised water in an ultrasonic bath each for 15 min, respectively. 
 
The investigation of pressure-area isotherm of the Langmuir film and deposition of LB 
film was done at 25 oC on an alternate layer Langmuir-Blodgett Trough (NIMA 
Technology, model 622) equipped with a Wilhelmy-type film balance (Figure 4.1). 
Deionised water with resistivity of 18.2 MΩ·cm obtained from a Millipore water 
purification system was used as subphase. 50 µL of the spreading solution was 
deposited slowly on the water surface by a microsyringe. The solvent was allowed to 
evaporate for 5 minutes. The monolayer was then compressed with a barrier speed of 
50 cm2/min. For deposition, the monolayer was held for 15 min at a surface pressure of 
25 mN/m and transferred by vertical Y-type deposition method at a dipping speed of 5 
mm/min.  A holding time of 120 s was imposed between dipping cycles.  
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Figure 4.1 Structure of Langmuir-Blodgett trough 
 
4.2.4 Post Treatment 
In order to remove the ODA, three kinds of post-treatment can be used: thermal 
treatment by heating in vacuum at 250 oC for 3 h; immersion in benzene for 12 h; 
chemical treatment by immersing in a solution of acetic anhydride/pyridine/benzene 
(1:1:10) for 12 h. 
 
To investigate the effect of temperature and duration of the thermal treatment process, 
the CPI-ODA LB films deposited on gold-coated silicon wafers were heated at 150, 
200 and 250 oC for 3 h, and at 150 and 200 oC for 12 h.  
 
4.2.5 Incorporation of Silver Nanoparticles 
A 5 mM silver nitrate solution in methanol was prepared in a covered beaker to avoid 
light. The thermally treated CPI LB film (at 200 oC for 12 h) was immersed in the 
solution for 15 min. After extensive washing with methanol and water and drying in a 
gentle stream of nitrogen, the LB film was exposed to UV irradiation at 365 nm for 6 h 
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to reduce the silver salt into silver nanoparticles. 
 
4.2.6 Characterization 
The surface functional groups of the LB films on gold-coated silicon wafer were 
investigated by reflectance FTIR (Bio-Rad FTS-3500 ARX FTIR). The sample 
compartment was purged with nitrogen.  
 
The surface morphology of the films was examined by atomic force microscopy (AFM, 
Digital Instruments Inc. USA) in contact mode. All the images were obtained by 
monolithic silicon tip and the scan rate was within 1.0-1.8 Hz. The drive frequency 
was 330 ± 50 kHz, and the voltage was between 3.0 and 4.0 V. The drive amplitude 
was about 300 mV. The root-mean-square (RMS) of roughness of a given area can be 
estimated from  
    (4.1) 
where the Lx and Ly are the dimensions of the surface, and F(x,y) represents the 
surface height relative to the centre plane. 
 
X-ray photoelectron spectroscopy was performed to verify the presence and atomic 
concentration of various species. The XPS scanning was performed below 7.5 ×10-9 
Torr on a Kratos Analytical AXIS HSi spectrometer with a monochromatized AlKα 
X-ray source (1486.6 eV photons) at a constant dwell time of 100 ms. The pass energy 
of the hemispherical analyzer was 40 eV. A photoelectron takeoff at 90o with respect to 
the sample surface provided the core-level element signals. Curve fitting was 
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performed and the binding energy scale was corrected by referring to the C1s spectra 
peak at 284.6 eV, which is the binding energy of C*-C or C*-H in aromatic compound.  
 
The thickness and refractive index of the LB films were measured by variable angle 
spectroscopic ellipsometry (VASE, Woollam). Scanning spectra were acquired over the 
range of 600-1000 nm at three different incidence angles, 65o, 70o and 75o. A model 
with 3 layers was established to fit the experimental data. In this model, a 0.60 mm 
thick layer of silicon is covered by a 1.7 nm thick SiO2 layer and a Cauchy layer. The 
Cauchy layer represents the deposited layer. The thickness of SiO2 layer was measured 
from clean bare silicon wafer with a 2-layer model. The thickness was fitted first. The 
refractive index was fitted while fixing the thickness.  
 
The UV-Visible spectra were obtained with UV-VIS-NIR scanning spectrophotometer 




4.3 Results and Discussion 
4.3.1 π-A Isotherm and Stability of the Polyimide ODA Salt 
























Area per repeat unit (nm2)
 
Figure 4.2 Surface pressure-area isotherms of CPI and CPI-ODA salts 
 
The π-A isotherm of the CPI-ODA salt (Figure 4.2) shows the formation of a 
Langmuir film with a collapse pressure of 40 mN/m which is comparable with that of 
Jin et al. (2002) and Srinivasan et al (2002). Upon holding the pressure at 25 mN/m, 
the area of the Langmuir film decreases at the rate of 0.012% per minute, indicating 
formation of a relatively stable monolayer. Because the stability of the polymeric 
material need the rearrange and coiling of the molecular chain to some extent, a too 
short polymer chain which means high rigidity will result in an unstable Langmuir 
layer. On the other hand, too much coiling also resulting rapid decrease of the surface 
area. Therefore, a stable Langmuir layer require a suitable molecular length and 
rigidity. As expected, π-A isotherm of the pure CPI shows that it occupies less area 
due to the absence of the long alkyl chain spacers which can facilitate the orientation 
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of the monolayer on the water surface. The extrapolated specific area for the CPI-ODA 
complex is 0.65 nm2 and is in good agreement with that of Schoch et al. (1993) who 
obtained an area of 0.64 nm2 for polyamic acid ODA salt from 4,4'-(hexafluoro 
isopropylidene) diphthalic anhydride (6FDA) and 4,4'-diaminodiphenyl ether (DDE). 
Upon increasing the ODA/PAA ratio to 2:1, Schoch et al. found that the extrapolated 
area increased to 1.22 nm2. However, for CPI-ODA complex, doubling the ODA 
content increased the specific area by only 15%. This could be due to the difference in 
the number of carboxyl group(s) for every repeat unit. CPI (6FDA-DABz) used in this 
work has only one, while PAA (6FDA-DDE) has two.  
4.3.2 Thickness and Refractive Index 










10 None 24.9 1.50 - 
20 None 41.1 1.50 - 
30 None 64.3 1.50 - 
20 Thermally treated2 18.8 1.80 54.5 
20 Benzene treated 35.4 1.77 13.7 
20 Chemically treated 18.2 1.81 56.0 
20 Stored for 1 month 40.9 1.51 0.5 
1: at 630 nm; 2: at 250 oC for 3 h 
 
The CPI-ODA LB film was deposited with transfer ratios between 90% and 110%. 
The thickness and refractive indices at 630 nm of the LB films before and after 
treatments were obtained from ellipsometry (Table 4.1). There is a linear increase in 
the thickness for 10, 20 and 30 layers, indicating reproducibility of the deposition. The 
refractive indices (630 nm) of the as-deposited LB films are 1.50. The CPI-ODA LB 
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film is stable after storage for one month as evidenced by lack of significant change of 
the thickness and refractive index. 
 
The thickness of the CPI-ODA LB films decreases to different extents after different 
treatments. Thermal and chemical treatments reduce the film thickness by 54.5% and 
56%, which is an indication of removal of the ODA and formation of compressed CPI 
LB films. This is consistent with values reported for 6FDA-DDE PAAS LB films 
(Schoch et al., 1993).  The smaller decrease in thickness after immersion in benzene 
(13.7%) suggests partial removal of alkyl chains or collapse of some alkyl chains. The 
refractive indices (630 nm) vary accordingly, showing values of 1.80 and 1.81 after 
thermal and chemical treatments, respectively, suggesting formation of denser layer 
structures. Dissolution in benzene results in a refractive index of 1.77, implying 
formation of a less dense structure. 
 
The average thickness of a monolayer of CPI LB film after thermal treatment is 
calculated to be 0.9 nm, which is thicker than that for the 6FDA-DDE film of 0.5 nm 
per layer (Schoch et al., 1993). This could be attributed to the presence of a single 
carboxyl group in every repeat unit in our CPI which may result in extended coiling of 
the polymer backbone.  
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4.3.3 UV-Visible Spectra 



























Figure 4.3 UV-Visible spectra of CPI-ODA LB films, 10, 20 and 30 layers from 
bottom to top, respectively. 










Figure 4.4 UV-Visible spectra of CPI-ODA LB films after thermal treatment, 10, 20 
and 30 layers from bottom to top, respectively 
 
The UV-Visible spectra (Figure 4.3) of the CPI-ODA LB film show two peaks at 205 
nm and 240 nm due to π-π* (K band) and n-π* (R band) transitions in the phenyl and 
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carbonyl conjugated systems in CPI. The absorbance at 240 nm increases linearly with 
number of layers, corroborating the linear increase of thickness obtained from 
ellipsometry. After thermal treatment the absorbance of the peak at 205 nm decreases 
due to elimination of end absorption of ODA (Figure 4.4), indicating removal of ODA 
(Jaffé and Orchin, 1962). In addition, a new peak or shoulder appears at 300 nm, which 
can be attributed to the enhancement of the intermolecular charge transfer transition 
(Salley and Frank, 1996). The charge transfer is reasonably enhanced by removal of 
ODA because the CPI layers are now in direct contact. The enhancement of charge 
transfer is evidence of stronger interactions between the deposited layers and thus a 
more robust structure. The higher intermolecular charge transfer can also explain the 
increase of the refractive index after thermal treatment. 
 
4.3.4 FTIR Spectra 
Reflectance FTIR was used to monitor the deposition of the LB films and changes in 
the chemical species after thermal treatment. As expected, there is increase in the 
reflectance peaks at 2925 and 2853 cm-1 (CH2 stretching) with increase in number of 
layers because of the contributions from the CH2 groups of the ODA (Figure 4.5). The 
increase in FTIR reflectance is consistent with the results from ellipsometry and 
UV-Visible spectra.  
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Figure 4.5 FTIR spectra of CH2 stretching in CPI-ODA LB films, 10, 20 and 30 layers 











Figure 4.6 FTIR spectra of CPI-ODA LB films before and after thermal treatment  
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All the FTIR spectra of the LB films before and after thermal treatment (Figure 4.6) 
show peaks expected for an aromatic PI film, such as those at 1780 and 1733 cm-1 due 
to stretching of C=O in the imide ring, the peak at 1361 cm-1 due to bending of C=O in 
the imide ring, and the peak at 721 cm-1 due to deformation of the imide ring. The 
presence of these peaks indicates the integrity of polyimide chains after deposition and 
thermal treatment. 
 
The disappearance of the CH2 stretching peaks of the ODA chains at 2925 and 2853 
cm-1 can serve as an indication of removal of ODA after treatment. The effect of 
temperature and duration of thermal treatment on the removal of ODA was 
investigated by heating the LB films at different temperatures: 150, 200 and 250 oC for 
3 h, and at 150 and 200 oC for 12 h. The as-deposited CPI-ODA LB film and the films 
heated at 150 and 200 oC for 3 h show clear peaks at 2925 and 2853 cm-1, indicating 
the presence of ODA. However, the peaks disappear upon thermal treatment at 250 oC 
for 3 h and at 150 and 200 oC for 12 h, indicating complete removal of ODA. These 
results show that the condensed polyimide LB film can be obtained after thermal 
treatment at a significantly lower temperature (150 oC) than that typically required for 
thermal imidization (250 oC), though a longer duration of thermal treatment may be 
necessary.  
4.3.5 X-Ray Photoelectron Spectra 
X-ray photoelectron spectroscopy (XPS) was employed to analyze the elemental 
composition and chemical species in the film. In order to determine the efficiency of 
the different methods employed in removing ODA, the atomic F: N ratios are 
compared in Table 4.2. The theoretical atomic F: N ratios are listed in Table 4.3. It is 
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reasonable to assume that the content of F remain stable in the LB film after the 
treatments while the content of N decreases due to the removal of amine. Table 4.2 
shows that the F: N ratios for the untreated film and benzene treated film are close to 
2:1, which is the expected value for the CPI-ODA complex. However, the F: N ratio for 
the thermally treated film corresponds to the value expected for CPI (3:1), confirming 
complete removal of ODA. The chemically treated film has a ratio of 2.7:1, which is 
lower than expected for CPI, indicating incomplete ODA removal. 
Table 4.2 Atomic F: N ratios of CPI-ODA LB films 
Sample F : N Ratio 
Reference 2.0: 1 
Thermally treated 3.1: 1 
Benzene treated 2.2: 1 
Chemically treated 2.7: 1 
 
Table 4.3 Theoretical atomic F: N ratios of CPI and CPI-ODA 
Material Molecular formula F : N Ratio 
CPI (C26N2O6H9F6) 3: 1 
CPI-ODA (1:1) (C44N3O6H49F6) 2: 1 
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Figure 4.7 XPS spectra of C 1s region of CPI-ODA LB films 
 
Figure 4.7 shows the high-resolution XPS spectra of the C1s region of the CPI LB 
films. Based on the electronegativities of elements bonded to the carbon atoms and the 
surrounding organic groups, the C1s regions of CPI film can be resolved into four 
peaks C(1), C(2), C(3) and C(4) with binding energies at 284.6, 285.7, 288.3 and 292.9 
eV, respectively. Peak C(1) at 284.6 eV can be assigned to the phenyl carbon in CPI 
and the alkyl carbon in ODA. Peak C(2) at 285.7 eV originates from the carbons that 
connect to N with a single bond and the carbons that connect to CF3. Peak C(3) 
represents the carbonyl carbons in the imide ring and the carboxyl group. Peak C(4) 
represents the two carbons connected to fluorine directly. The amount of ODA residue 
in the LB film can be obtained by comparing the peaks C(1) and C(4), because the CF3 
content should not be affected by the various treatments while the alkyl carbons of 
ODA may be removed. Before treatment, the C(1)/C(4) ratio is 16.2 and in reasonable 
agreement with the theoretical value for CPI-ODA (16.5). The thermally treated LB 
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film has the lowest C(1)/C(4) ratio of 8.3, which is reasonable compared to the 
expected value of 8 if all the ODA molecules are removed. After immersion in benzene 
and in pyridine/acetic anhydride/ benzene, the ratios are 14.1 and 10.7, respectively, 
indicating that the ODA molecules are removed partially. Thus, the observed changes 
in high resolution XPS C1s spectra are in good agreement with the changes of F and N 
atomic ratios.  In thermal treatment, the ODA degrades at high temperature, leaving 
the condensed films of CPI behind. In the case of acetic anhydride/pyridine/benzene 
chemical treatment, it is possible that acetic anhydride and pyridine help to break the 
bond between the –COO- and the –NH3+ groups.  In the case of benzene, only 
dissolution of loosely bound ODA would occur. 
 
4.3.6 Surface Morphology 
 




Figure 4.9 AFM image of thermally treated CPI-ODA LB film 
 
Surface morphology and friction images of the CPI LB films were obtained by atomic 
force microscopy (AFM) in contact mode. Island-like structures can be observed in 
untreated CPI-ODA films with a roughness RMS of 0.428 nm (Figure 4.8). However, 
thermally treated film show less and smaller humps with a much lower roughness 
RMS of 0.091 nm (Figure 4.9), indicating that the films have rather flat and smooth 
surfaces after the removal of ODA by heating. Evidently, thermal treatment is a better 
post processing method compared with the other two methods as far as surface 
smoothness is concerned. 
 
4.3.7 Incorporation of Silver Nanoparticles 
The 20-layer CPI LB film that was heated at 200 oC for 12 h was immersed in a silver 
nitrate solution for 15 min. The carboxyl groups in the LB film can react with silver 
ions to form a silver salt complex. Using methanol as solvent can help to swell the LB 
film and increase the permeability, so that more silver ions can penetrate into the film. 
After immersion in AgNO3, The substrates were rinsed in methanol and water to 
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remove the physically absorbed Ag+. UV irradiation was chosen as the preferred 
method for reduction of the silver salt due to its minimal impact on the morphology of 
the film. The AFM phase image of the resulting CPI/silver nanoparticles composite 
film (Figure 4.10) shows clearly the silver nanoparticles (light dots in the vertical 
range of 100 degree) embedded in CPI LB film and distributed uniformly, while height 
image shows a relatively smooth and flat surface. The size of the nanoparticles ranges 
from 10 to 20 nm. The high resolution XPS spectrum (Figure 4.11) of the Ag 3d region 
shows two peaks at 368.2 and 374.2 eV indicating the presence of elemental silver.  
The thickness does not change much (20.1 nm) compared with the thermal treated 
20-layer CPI film (18.8 nm), while the refractive index (630 nm) increases from 1.80 
to 2.40, indicating the significant impact of the silver nanoparticles on optical 
properties of the thin film. 
 
 
Figure 4.10 AFM image of CPI/silver nanoparticles composite LB film 
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This study shows that a soluble, pre-imidized polyimide with pendant carboxyl groups 
can be used to fabricate Langmuir-Blodgett films without further imidization.  The 
functional feature of the LB film was demonstrated by employing the carboxylic 
groups to embed Ag nanoparticles within the LB film matrix. The surface 
pressure-area isotherm and stability tests show that CPI-ODA salt can form a stable 
Langmuir layer on the water surface. After different post-deposition treatments of the 
LB films, the decrease of thickness and increase of refractive indices indicate 
successful formation of dense polyimide LB film. The thermal and chemical methods 
are more efficient than dissolution in removing the ODA. Flat and smooth surfaces can 
be obtained after thermal treatment which is a clean and easy process. Thermal 
treatment at 150 oC for 12 h is sufficient to remove ODA, though long duration is 
necessary. Silver nanoparticles were incorporated into the thermally treated CPI LB 
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film by employing the pendant carboxyl group. The AFM phase image shows 
uniformly distributed silver nanoparticles with diameters from 10 to 20 nm embedded 
in CPI LB film. XPS spectrum confirmed the presence of elemental silver in the film 
structure. The refractive index increased significantly, illustrating the impact of silver 

















Chapter 5  
Fabrication of Silver Nanoparticles/Polyimide Composite 
Langmuir-Blodgett Film by Subphase Method 
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5.1 Introduction 
Following Chapter 4, the CPI/silver nanoparticles composite LB film is fabricated by 
another method, the subphase method. In this method, the silver salt solution is used as 
subphase and CPI Langmuir layer is spread and transferred to substrates by the LB 
process. The silver salt that is absorbed in CPI through ionic bond is reduced to silver 
nanoparticles by UV irradiation. Ellipsometry, AFM, UV-Vis, FTIR, XPS and TEM are 




The carboxylic polyimide (CPI) was synthesized as in Chapter 3. Tetrahydrofuran 
(THF, Tedia) and chloroform (Merck) were distilled under ambient pressure. Silver 
nitrate (Merck, 99.8%), octadecyltrichlorosilane (OTS, Aldrich, 90%) were used as 
received. 
 
5.2.2 Treatment of Substrates 
Silicon wafers (Wellbond), gold-coated silicon wafers (Wellbond), Formvar/Carbon 
covered copper grids (Analytical) and quartz slides (Achema) were used as substrates. 
Silicon wafers and quartz slides were washed with detergent and rinsed with deionised 
water and acetone. They were then immersed in H2SO4/H2O2 (7:3) solution for 50 min 
in an ultrasonic bath, rinsed with deionised water and acetone and dried with nitrogen. 
To render them hydrophobic, they were immersed in a 3 mM OTS solution in 
chloroform for 12 h, washed with chloroform and dried with nitrogen. Gold-coated 
silicon wafers were used for FTIR investigation. They were washed with detergent, 
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THF and deionised water in an ultrasonic bath each for 15 min, respectively. 200 Mesh 
copper grids covered with Formvar/Carbon were used in film deposition for TEM 
without treatment. 
 
5.2.3 Deposition of LB Films 
The investigation of pressure-area isotherm of the Langmuir film and deposition of LB 
film was done at 25 oC on an alternate layer Langmuir-Blodgett Trough (NIMA 
Technology, model 622) equipped with a Wilhelmy-type film balance. Deionised water 
with resistivity of 18.2 mΩ·cm obtained from a Millipore water purification system, or 
silver nitrate solution was used as subphase. When silver nitrate solution was prepared 
or used as the subphase, the beaker and LB trough were covered with black fabric to 
avoid light. 1 mg/mL CPI solution in a mixed solvent of tetrahydrofuran and 
chloroform (1:1) was prepared 24 h before use so as to get the CPI fully dissolved in 
the solvent. 50 µL of the CPI solution was dropped slowly on the water surface by a 
microsyringe. The solvent was allowed to evaporate for 15 min. The Langmuir layer 
was then compressed with a barrier speed of 50 cm2/min. For deposition, the Langmuir 
layer was held for 15 min at a surface pressure of 25 mN/m and transferred by vertical 
Y-type deposition method at a dipping speed of 5 mm/min. Hydrophobic substrates 
such as OTS treated quartz slides and silicon wafers started from down-stroke, while 
hydrophilic substrates such as gold coated silicon wafers and copper grids started from 
up-stroke. A holding time of 120 s was imposed between dipping cycles. 
 
The resulting LB films were taken out and dried with a gentle stream of nitrogen. Then, 





The thickness and refractive index of the LB films were measured by ellipsometry with 
a variable angle spectroscopic ellipsometer (VASE, B-250, Woollam) using the same 
conditions and methods as in Chapter 4. 
 
UV-Visible spectra were obtained with a scanning spectrometer (Shimadzu UV-3101 
PC) in the range of 200-800 nm to monitor the growth and spectrum of the film. A 
clean bare quartz slide was used as reference. 
 
LB films deposited on gold coated silicon wafers were use for reflectance FTIR on 
Bio-Rad FTIR (model 400) by accumulating 16 scans at a resolution of 4 cm-1. The 
sample compartment was purged with nitrogen. A bare gold coated silicon wafer was 
used as reference.  
 
X-ray photoelectron spectroscopy (XPS, Kratos Analytical Ltd, AXIS Hsi) was used to 
study the chemical composition and reaction of the samples using the same conditions 
and methods as in Chapter 4. 
 
The surface morphology of the LB films was scanned by Nanoscope III atomic force 
microscope (AFM) from Digital Instruments using the same condition and method as 
in Chapter 4. 
 
Transmission Electron Microscope (TEM) images of the composite LB films deposited 
on copper grids were obtained with a JEM-2010 TEM (JEOL) operated at 120kV. The 
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size of the nanoparticles in the TEM images was measured manually to calculate the 
size distribution. 
 
5.3 Results and Discussion 
5.3.1 π-A Isotherm and Deposition 
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Figure 5.1 Surface pressure-area isotherms of CPI on surface of deionised water and 
silver nitrate solution 
  
1, 5 and 10 mM silver nitrate solutions or deionised water were used as subphases and 
the π-A isotherms of CPI were obtained (Figure 5.1). The isotherm of CPI on the 
surface of deionised water shows an extrapolated specific area of 0.74 nm2. The 
specific area is different from the result in Chapter 4, possibly due to the different 
solvents used (Galletti et al., 1985). When CPI is spread on the silver nitrate solution 
with concentration at 1, 5 and 10 mM, the extrapolated specific areas decrease to 0.67, 
0.70 and 0.69 nm2, respectively. The decrease in the specific areas indicates the silver 
ions can help to compress the polymer to a greater extent than pure water which is 
consistent with the report of Du and Liang (2000). Therefore, a long alkayl chain 
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amine is not necessary to stabilize the Langmuir film. Du and Liang observed that 
when N-octadecanoyl-L-alanine is spread on a subphase containing Ag+ or Zn2+, the 
specific area is lower than that on the pure water surface. However, the material used 
in this work is a relatively rigid polymer, which cannot allow such compression to a 
very great extent. Therefore, the specific area decreases moderately when the subphase 
is changed from deionised water to 5 mM silver nitrate solution, while in Du and 
Liang’s report, it decreases from 0.23 to 0.13 nm2. The decrease in specific area also 
suggests the formation of a complex between silver ions and the carboxyl groups in 
CPI. 
 
Deposition of 20 layers CPI LB film was carried out on the different subphases. The 
transfer ratio of the deposition on the silver nitrate subphase (90-110%) is higher than 
that on deionised water (70-90%). Because the polyimide lacks long alkyl chains 
which can help the orientation of the polymer chains, it is difficult to deposit polyimide 
LB film directly with high quality. However, due to the formation of silver ions 
complex, the charge transfer in CPI is improved and delocalized, which results in 
stronger interlayer interaction and thus higher transfer ratio. 
 
The thickness and refractive index (630 nm) of the composite LB films were measured 
with ellipsometry and fitted with a three layer model. The mean square error (MSE) of 
the fitting is lower than 2, indicating high reliability of the fitting results. The thickness 
of the composite LB film deposited on 1, 5 and 10 mM AgNO3 is 21.1, 22.5 and 24.3 
nm respectively. The difference among them is due to the different conformations of 
CPI polymer chain. The polymer chains tend to coil to a greater extent when the salt 
concentration is higher. After reducing the silver ions into nanoparticles, the thickness 
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reduced to 20.3, 21.7 and 22.9 nm because the metal nanoparticles can decrease the 
free volume and mobility of the polymer chains (Cosgrove et al., 2002). The refractive 
indices of as-deposited and reduced composite LB films are 2.3 and 2.4, respectively. 
The much higher refractive indices of the composite LB films than CPI LB film (1.8) 
illustrate the impact of metal ions and nanoparticles on the optical properties of the 
polymeric ultrathin film. 
 
5.3.2 Spectroscopy 
The deposited CPI LB films on AgNO3 solution were reduced by exposing to UV 
irradiation (365 nm) for 3 h.  By using quartz slides as the substrate and changing the 
concentration of AgNO3 solution, UV-Vis spectra of CPI LB film before and after 
reduction were obtained (Figure 5.2). All the spectra show peaks at 209 and 237 nm 
due to the transition in the phenyl and carbonyl conjugated systemsin CPI, suggesting 
the integrity of the CPI polymer chain after deposition and reduction. After reduction, a 
small broad peak or hump at 400 nm appear in the UV-Vis spectra corresponding to the 
LB films deposited on 1 and 5 mM AgNO3, while a peak at 425 nm appears in the 
spectra corresponding to 10 mM AgNO3. These peaks can be attributed to the surface 
plasmon absorption of silver nanoparticles (Kuo and Chen, 2003). The higher 
wavelength for the LB film deposited on 10 mM AgNO3 implies larger size of the 
nanoparticles compared with those films deposited on lower AgNO3 concentration 
(Wang D.S. et al.,1980; Heard et al., 1983; Huang et al., 1996) which is discussed 
further with the results of TEM and AFM.  
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Figure 5.2 UV-Vis spectra of CPI LB film deposited on different concentration silver 
nitrate solution before and after reduction by UV irradiation 
 91





Figure 5.3 XPS spectra of Ag/CPI LB films before and after reduction 
 
Figure 5.3 shows the Ag 3d region XPS spectra of CPI LB films before and after 
reduction. The two peaks at 367.9 and 373.9 eV before reduction shift to 368.2 and 
374.2 eV after reduction, indicating the silver ions are successfully reduced to silver 
nanoparticles. However, the binding energies for reduced silver nanoparticles are lower 
than the values reported by Zeng et al. (2002) and Choi et al. (2003). The possible 
reason may be the partially positive charges present on the surface of the silver 
nanoparticles due to the charge transfer between the silver nanoparticles and CPI 
(Huang et al. 1996). 
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Figure 5.4 FTIR spectra of Ag/CPI LB films before and after reduction 
 
FTIR spectra were obtained by using gold-coated silicon wafers as the substrate and 
scanning with reflectance FTIR. Figure 5.4 shows the FTIR spectra of the LB film 
deposited on 1 mM AgNO3 before and after reduction. The peak at 1726 and 1774 cm-1 
represent the stretching of C=O in imide ring of CPI, confirming the presence and 
integrity of the polyimide after deposition and reduction. The peak at 1574 cm-1 in the 
spectrum of the LB film before reduction can be attributed to stretching of COO-1 
groups in CPI, which is in good agreement with the report of Yang et al. (1994). After 




The size and distribution of the silver nanoparticles in CPI matrix were investigated 
with TEM and AFM. Figure 5.5 shows the TEM images of the silver nanoparticles/CPI 
composite LB films deposited on AgNO3 solution with different concentrations. It can 
be observed that the size of the nanoparticles increases slightly when the AgNO3 
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concentration increases from 1 to 5 mM, while the size increases around ten times 
when the concentration increases to 10 mM. This result is in agreement with the result 
of UV-Vis spectra. It is reasonable to imagine that when the silver ion concentration is 
not very high (1 and 5 mM), the absorption of silver is mainly by formation of an ionic 
complex between Ag+ and -COO- of CPI. The higher the AgNO3 concentration results 
in the more silver ions getting bonded, which in turn results in larger particle size (Kuo 
and Chen, 2003). When the concentration increases further (10 mM), the physical 
absorption of silver ions increases tremendously which contributes to the large 
increment of the size. Unlike in the immersion method in Chapter 4, in which the 
physically absorbed ions were washed out, the as-deposited composite LB films in the 
subphase method were not washed. The deformation and overlap of the soft and free 
Formvar/Carbon layer of copper grids during deposition and reduction may also 
contribute to the large size of the silver nanoparticles to some extent. It is observed that 
longer exposure time to UV irradiation increases the size of the particles as shown in 
Figure 5.6, which is in agreement with the report of He et al. (2002). It is due to the 
further aggregation of the silver nanoparticles. 
 
The shapes of the nanoparticles with lower AgNO3 concentration (1 and 5 mM) are 
spherical, while hexagon nanoprisms appear when AgNO3 concentration is 10 mM 
(Figure 5.7a). The hexagon nanoprisms can be grown from the triangle nanoprisms 
reported by He et al. (2002) and can be observed in report of Jin et al. (2003). The 
electron diffraction pattern of the nanoprisms (Figure 5.7b) shows a clear hexagonal 
diffraction spot pattern, indicating that the silver nanoprisms are single crystals and 
have a preferential growth direction along the Ag[111] axis (Zhou et al. 1999). 
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Figure 5.5 TEM images and distribution histograms of Ag/CPI composite LB film 
deposited on AgNO3 solution with different concentration: 1, 5 and 10 mM (a, b and c) 
respectively after UV irradiation for 3 h.  
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Figure 5.6 TEM image of Ag/CPI composite LB film deposited on 10 mM AgNO3 
solution after UV irradiation for 6 h. 
(a)  
(b)  
Figure 5.7 TEM image (a) and electron diffraction pattern (b) of silver nanoprisms in 
Ag/CPI composite LB film deposited on 10 mM AgNO3 solution 
 
The AFM height and phase images of the composite LB films were obtained to 
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investigate the surface morphology of the films. Before reduction, the as-deposited LB 
films show a flat and smooth surface (Figure 5.8). The phase images also indicate a 
homogeneous surface which is CPI. After photoreduction, the LB film deposited on 1 
mM AgNO3 shows no significant change in the height and phase images (Figure 5.9a). 
From the TEM image, it can be reasonably imagined that because the size of all the 
nanoparticles is smaller than the thickness of the LB film, all the nanoparticles are 
buried inside the CPI matrix. On the other hand, the LB film deposited on 5 and 10 
mM AgNO3 show rough surfaces with humps (Figure 5.9b and 5.9c). The phase 
images show corresponding peaks with vertical ranges of 120o, reflecting the 
significant difference between the CPI and silver nanoparticles. The height images also 
show that the silver nanoparticles are tightly surrounded with CPI. It is noted that the 
size of the nanoparticles are smaller than that suggested by TEM. One possible reason 
is that the hard substrate helps to restrain extra absorption of the silver ions and growth 
of the nanoparticles. 
 
Figure 5.8 AFM height and phase images of the surface of as-deposited Ag/CPI 








Figure 5.9 AFM height and phase images of the surface of Ag/CPI composite LB film 
deposited on AgNO3 solution with different concentration: 1, 5 and 10 mM (a, b and c) 




Silver nanoparticles/CPI composite Langmuir-Blodgett films were fabricated by 
subphase method. Silver nitrate solutions with three concentrations were used as 
subphase. The surface pressure-area isotherms show that the silver ions can help to 
form dense Langmuir films. UV-Vis spectra show peaks at 400 and 425 nm after 
exposing the deposited LB films to UV irradiation, indicating formation of silver 
nanoparticles. Reflectance FTIR spectra of the as-deposited LB films show peaks at 
1574 cm-1, representing stretching of COO-. Its absence in the spectra after reduction 
suggests conversion of COO- to COOH. In the Ag 3d region XPS spectra, the two 
peaks in 367.9 and 373.9 eV before reduction shift to 368.2 and 374.2 eV after 
reduction, indicating the reduction of silver ions to silver nanoparticles. TEM images 
show clear presence of silver nanoparticles with different size and shape when the 
concentrations of the subphase are different. The silver nanoparticles can also be 

















Chapter 6  
Fabrication of Langmuir-Blodgett Film from Polyimide 
Modified by Dendrimer Wedges  
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6.1 Introduction 
In this work, a soluble polyimide grafted with dendrimer wedges was employed to 
form a Langmuir layer that was subsequently used to deposit LB films. ODA 
(octadecylamine) or AA (arachidic acid) was mixed in the spreading solution to 
improve the stability of the Langmuir film of the polyimide modified by the first 
generation dendrimer wedge. Base-acid pairing or hydrogen bonding is possible 
interactions between the spacer and MPI. Removal of ODA and AA by thermal 
treatment resulted in an increase in density, as evidenced by refractive index 
measurements; however, this was compensated by the decrease in density that 
accompanied the removal of the dendrimer wedge upon further thermal treatment. The 
polyimide modified by the second generation dendrimer wedge formed a stable 
Langmuir film on water even in the absence of long-chain alkyl reinforcements and the 
LB film gave a lower density than that obtained from the first generation. This work 
demonstrates the utility of combining dendrimer wedges in polyimide matrices for 




The dendrimer wedge modified polyimide (MPI) was synthesized as in Chapter 3. 
Deionised water with resistivity of 18.2 mΩ·cm was obtained from a Millipore water 
purification system. Octadecyltrichlorosilane (OTS, Aldrich, 90%), octadecylamine 
(ODA, Aldrich, 97%) and arachidic acid (AA, Merck, 98%) were used as received.   
 
6.2.2 Langmuir Layer Analysis and LB Film Deposition 
1 mg of 1MPI or 2MPI was dissolved in 0.5 mL DMAc for 12 h and 0.5 mL benzene 
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was added dropwise. 3 mg ODA or AA was dissolved in 0.5 mL DMAc and 0.5 mL 
benzene. The spreading solution was prepared by mixing the above solutions in 
different proportions. Silicon wafer (Wellbond Singapore) and calcium fluoride 
(International Crystal Labs, USA) were used as substrates. The silicon wafer was 
washed with detergent, rinsed with deionised water and acetone, sonicated for 45 
minutes in a mixture of 98% H2SO4 and 30% H2O2 (7:3), and subsequently rinsed with 
deionised water and acetone and dried with nitrogen. The cleaned silicon wafers were 
submerged in 1 mM OTS in chloroform for 12 h at room temperature to render the 
surface hydrophobic. Calcium fluoride substrates were cleaned with detergent, THF, 
and deionised water for 15 min each in an ultrasonic bath.  
 
Langmuir layer analysis and LB film deposition was done at 25 oC on an alternate 
layer Langmuir-Blodgett trough (NIMA Technology, model 622) equipped with a 
Wilhelmy-type film balance. Deionised water or buffer was used as the subphase. The 
spreading solution was deposited slowly on the water surface by a microsyringe.  The 
solvent was allowed to evaporate for 15 minutes. The Langmuir layer was then 
compressed with a barrier speed of 50 cm2/min. The stability of the Langmuir film was 
tested by holding the surface pressure at 25 mN/m for 30 min. 
 
The Langmuir-Blodgett films were prepared by the vertical deposition method. After 
holding the Langmuir film for 30 min at 25 mN/m, it was transferred to the substrate at 
a speed of 2 mm/min. A holding time of 120 s was imposed between dipping cycles to 
evaporate the trapped subphase.  
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6.2.3 Thermal Treatment of LB Films 
The deposited 1MPI-AA LB films were heated in air at different temperatures (150, 
250 and 370 oC) for 1 h and at 250 oC for longer durations (12 and 24 h) in order to 
investigate the removal of the long alkyl chains and the dendrimer wedge. 
 
The 2MPI LB film was heated at 250 oC for 12 h to remove the dendrimer wedge. 
 
6.2.4 Characterization 
The orientation of the alkyl chain in AA or ODA was investigated by polarized 
transmittance FTIR (Bio-Rad FTS-3500 ARX FTIR) with calcium fluoride as substrate 
using s- and p- polarization at an incident angle of 60o.  
 
X-ray Photoelectron Spectroscopy (XPS, Kratos Analytical Ltd, AXIS) was performed 
to verify the chemical composition of the film. Thicknesses and refractive index were 
measured by ellipsometry (VASE, Woollam). The UV-Visible spectra were obtained by 
UV-VIS-NIR scanning spectrophotometer (UV-3101PC, Shimadzu). The morphology 
of the surface was scanned with atomic force microscopy (Nanoscope, Digital 
Instruments, Inc.) in the tapping mode. All the conditions and evaluation methods are 
as in Chapter 4. 
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6.3 Results and discussion 
6.3.1 π-A Isotherm and Stability of the Modified Polyimide 
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Figure 6.1 Surface pressure-area isotherms of CPI-ODA, 1MPI, 2MPI, 1MPI-ODA 
and 1MPI-AA 
 
Figure 6.1 shows the surface pressure-area isotherms of pure and mixed MPI and 
CPI-ODA Langmuir films. Compared with the isotherm of 1MPI, that of 2MPI has a 
larger area per repeat unit and higher collapse pressure. The area per repeat unit of 
2MPI Langmuir film is comparable with that in the PAA-ODA precursor Langmuir 
film(Suzuki et al., 1986; Kakimoto et al. 1986), suggesting a highly stretched 
configuration on water surface due to the presence of highly branched alkyl chains and 
nitrile terminal groups, that anchor the Langmuir film. As expected, the 
compressibility and stability improve when ODA or AA is incorporated into 1MPI. The 
isotherm of 1MPI-AA is steeper than that of 1MPI-ODA in the condensed phase, 
suggesting that AA is more efficient in improving compressibility of the monolayer. 
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The area per repeat unit of CPI-ODA is lower than those of 1MPI-AA and 1MPI-ODA 
due to the smaller size of the repeat unit. When the surface pressure was maintained at 
25 mN/m, the 1MPI-AA, 1MPI-ODA and CPI-ODA Langmuir films were stable on 
the water surface with areas decreasing by 0.016% per min for 1MPI-AA, 0.010% per 
min for 1MPI-ODA and 0.012% per min for CPI-ODA. 1MPI was less stable (0.08% 
per min) than 2MPI (0.015% per min) on deionised water. 
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Figure 6.2 Effect of subphase pH on surface pressure-area isotherm of 1MPI 
 
The effect of the subphase pH on the isotherm of 1MPI was investigated by employing 
buffers (Figure 6.2). Because the nitrile group is a weak organic base, the acidity of the 
subphase has an effect on the extent of the hydrophilicity of the nitriles, and therefore 
on the stability of the Langmuir film. At low pH, the interaction between water and the 
nitrile is quite strong and can result in an unstable Langmuir film. Similarly, an 
unstable film results at high pH due to weak interaction. Accordingly, the isotherm of 
1MPI shows the highest collapse pressure and the highest slope for the condensed 
phase when the subphase pH is at an intermediate value. Such an optimal subphase pH 
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effect has been observed in other Langmuir films, such as 
4-(4-(N-octadecyl-N-methylamino)phenylazo)benzoic acid (Szczur and Munn, 1999) and 
Fe (III) arachidate monolayers (Liu et al., 1999). The higher area per repeat unit on the 
buffer solution than that on deionised water is possibly due to the effect of ionic 
strength. 
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Figure 6.3 Area per spacer molecule and collapse pressure of 1MPI-ODA and 1MPI-AA 
 
The effect of the alkyl spacer content on the 1MPI Langmuir film is shown in Figure 
6.3. Increase in alkyl content is accompanied by decrease in specific area per spacer 
molecule and increase in collapse pressure.  The area occupied by the AA molecule is 
smaller, indicating that the MPI-AA can be compressed more compactly than 
MPI-ODA. When the AA content is reduced, the collapse pressure did not decrease 
significantly, suggesting that the AA can help to improve the stability even at low 
content. 
 
6.3.2 Deposition of LB Film 
In addition to improving stability of the Langmuir film, presence of long alkyl chain 
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spacers also helped to improve the transfer ratio of 1MPI during LB deposition, 
whereas the transfer ratio for pure 1MPI is not satisfactory (30-50%). 1MPI-ODA 
mixed films were formed with 1MPI: ODA (number of repeat unit in 1MPI: mole of 
ODA) ratios of 3:1, 1:2 and 1:3. The transfer ratio of 1MPI-ODA at ratio of 1:2 and 
1:3 are 100±20% and higher than that for the ratio 3:1. The X-type deposition observed 
for the ratios of 3:1 and 1:2 reverted to Y-type deposition for the ratio of 1:3. Since 
overturning (rearrangement) of the molecules film is less likely with higher 
amphiphilic content in the film, Y-type deposition is predominant when the long alkyl 
chains are greater in number, while X-type deposition occurs when long alkyl chains 
are not sufficient to provide the required amphiphilicity. 
 
The deposition of 1MPI-AA was carried out for ratios of 1MPI: AA as 1:0.5, 1:1.5, 1:2 
and 1:4. X-type deposition that was observed for 1: 0.5 changed to Y-type deposition 
for all the other ratios. The change at lower AA content suggests that AA is more 
effective in improving the quality of the LB film. 
 
Pure 2MPI was successfully deposited with transfer ratio between 80% and 120%. 
 
6.3.3 Characterization of the Deposited LB Film 
6.3.3.1 UV spectra 
 
The role of the long alkyl chain spacers in stabilizing the Langmuir film was 
investigated by UV-Visible spectroscopy (Figure 6.4).  In the pure 1MPI spectrum, 
the peaks at 204 nm and 306 nm represent K (π-π*) and R bands (n- π*) of the phenyl 
and carbonyl conjugation system, which persist in 1MPI-ODA spectra. However, 
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when 1MPI and AA were mixed, the K-band shifted to 240 nm and broadened, and the 
R band became smaller (as in 1MPI-AA 1:2) or disappeared (as in 1MPI-AA 1:4 and 
1MPI-AA 1:0.5). This change is due to the stronger interaction between 1MPI and AA 
than between 1MPI and ODA, and similar to the effect of a solvent as observed in 
UV-Visible spectroscopy (Jaffé and Orchin, 1962; Kiyoshige and Toyoshi, 1980). 
Acid-base complexation between the 1MPI and the carboxylic groups of AA, and 
hydrogen bonding between the carbonyl of the imide and the carboxylic groups of the 
AA may contribute to the shift of the UV peaks and, consequently, to the stability of 
the Langmuir film. 
 





















Figure 6.4 UV spectra of 1MPI, 1MPI-ODA and 1MPI-AA LB films 
 
6.3.3.2 Alkyl chain orientation from polarized FTIR spectra 
The alkyl chain orientation in 1MPI-ODA and 1MPI-AA LB films was investigated by 











A      (6.1) 
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where As and Ap are the absorption, reflectance or transmittance of the peaks that 
represent the dipole stretching in the ‘s’ and ‘p’ directions, respectively. φ  Is the 
angle of incidence and θ is the angle of the dipole moment relative to the substrate 
normal. The peaks representing the CH2 dipole stretching are at 2925 cm-1 and 2855 
cm-1. From Table 6.1, it is evident that the tilt angle of the alkyl chain relative to the 
substrate normal decreases with increasing spacer content due to the greater degree of 
compaction.  
 
Table 6.1 Tilt angle* of Alkyl chains in 1MPI-ODA and 1MPI-AA LB films 
 
Material Ratio Alkyl chain tilt angle 
ODA - 5.0[32] 
1:3 37.6 
1:2 36.8 1MPI:ODA 
1:0.3 44.9 
AA - 22.1 
1:4 31.5 
1:2 33.5 1MPI:AA 
1:0.5 44.8 
* relative to the substrate normal.  
 
6.3.3.3 XPS spectra 
The interaction between 1MPI and AA in the LB multilayers deposited from mixed 
Langmuir film was further investigated by XPS. In the O1s spectra shown as Figure 
6.5, the peak at 531.6 eV represents the carbonyl group in imide and AA; the peak at 
532.5 eV represents C-O*-C in 1MPI or C-O*H in AA (Abdureyim et al., 2001). 
Because of the hydrogen bond formed between COOH in AA and C=O in imide rings, 
the peak at 531.6 eV shifts to higher energies and the area under the peak at 532.5 eV 
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increases when more AA is added. In the N1s spectra (Figure 6.6), the peak at 399.2 
eV represents the nitrogen in nitrile groups and amide linkage; the peak at 400.2 eV 
represents the nitrogen in imide (Fabre et al., 1997). When AA is added, the formation 
of acid-base complex between nitrile and acid results in a higher energy requirement 
for the exit of the secondary electron, leading to the shift of the peak at 399.2 eV to a 
higher position. The ratio of the areas under the peaks at 399.2 eV and 400.2 eV 
decreases with increasing AA content. That ratio changes from 2:1 for 1MPI-AA ratio 
of 1:0.5 to 1.7:1 for 1MPI-AA ratio of 1:4, indicating the presence and increase of the 
acid-base complex content. Therefore, the higher degree of interaction between MPI 
and AA was verified by π-A isotherm, UV-Visible and XPS spectra. The interaction in 
the form of acid-base complexation and H bonding contribute to the stability of 
1MPI-AA. 
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Figure 6.6 N1s XPS spectra of 1MPI-AA LB film 
 
6.3.4 Thermal Treatment of the LB Film 
6.3.4.1 Thickness and refractive index 










(at 630 nm) 
- - 89.0 1.47 
150 1 33.7 1.63 
250 1 27.3 1.65 
370 1 16.3 1.73 
250 12 21.5 1.72 
1MPI-AA 30 
layers 
250 24 21.1 1.73 
- - 20.2 1.73 2MPI 
20 layers 250 12 18.5 1.64 
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The TGA curves of 1MPI and 2MPI in powder form (Figure 3.10) show step-wise 
weight loss from 201 oC and 182 oC due to the decomposition of the dendrimer wedge. 
In comparison, the melting point of AA is 75 oC. Therefore, thermal treatment at 
temperatures beyond 182 oC is required for removal of the alkyl chain and 
decomposition of the dendrimer wedge. The changes in thickness and refractive 
indices of a 1MPI-AA (1:3 ratio) LB film stack of 35 layers and a 2MPI LB film stack 
of 20 layers are shown in Table 6.2. The thickness of the 1MPI-AA LB film decreased 
steadily from 89.0 nm to 16.3 nm with increasing temperature upto 370 oC. The 
thickness is stable at 21 nm even after prolonged heating at 250 oC. The differences in 
film density are reflected in the differences in the refractive indices. The index of the 
1MPI-AA LB film after thermal treatment at 250 oC for 12 h increased from 1.47 to 
1.72 and remains unchanged after prolonged heating. Compared with that of the 
thermally treated CPI-ODA LB film with refractive index of 1.80 (Table 4.1), the 
lower refractive index of thermally treated 1NPMI-AA LB film suggests that the 
structure of the latter is less dense. The removal of AA causes the 1NMPI-AA LB film 
to be denser because the layer of AA is a continuous 2-D structure, without which the 
dense polyimide layers are connected. However, the dendrimer wedges are separated 
inside polyimide matrix, whose removal at high temperature leaves voids in the robust 
polyimide continuous matrix. The thicknesses of a 20-layer LB film stack of 2MPI 
before and after thermal treatment at 250 oC for 12 h were 20.2 and 18.5 nm, while 
refractive index decreased from 1.73 to 1.64, indicating formation of a more porous 
structure than that in 1MPI film. This is expected due to the larger size and higher 
weight content of the dendrimer wedges in 2MPI relative to those in 1MPI. 
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6.3.4.2 XPS spectra 
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Figure 6.7 C1s XPS spectra of 1MPI-AA 1:3 before and after thermal treatment 
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Figure 6.8 C1s XPS spectra of 2MPI before and after thermal treatment at 250 oC for 
12 h 
 
The effects of temperature and duration of thermal treatment on the removal of AA 
and the dendrimer wedge were investigated by XPS.  In the C1s spectra (Figure 6.7), 
the peak at 284.6 eV is due to C*-H or C*-C in alkyl chains and phenyl rings; the peak 
at 286 eV represents the C*-O and C*-N in the 1MPI; the peak at 288.3 eV represents 
the C*=O in 1MPI and C*OOH in AA, and that at 292.8 eV represents C*-F in 1MPI 
(Maruo and Sasaki, 1996). In the case of the 1MPI-AA 1:3 film, areas of peaks at 
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284.6 eV, 286.0 eV and 288.3 eV compared with that of 292.8 eV decreased after 
thermal treatment. The peak at 284.6 eV decreased sharply after the film was heated at 
150 oC due to loss of AA, while the peak at 288.3 eV decreased to a lesser extent. 
Upon comparing films thermally treated at 150 oC and 250 oC, it can be seen that the 
peaks at 286.0 eV and 288.3 eV decreased at the higher temperature due to loss of 
dendrimer wedges. After treatment at 370 oC, the peak at 286.0 eV reduced further due 
to additional loss of the dendrimer wedge. In the C1s XPS spectra for 2MPI (Figure 
6.8), the peaks at 284.6, 285.8 and 288.3 eV decreased relative to the peak at 292.8 eV 
after thermal treatment at 250 oC for 12 h due to loss of the dendrimer wedge. The 
ratios between the four peaks (at 284.6, 285.8, 288.3 and 292.8 eV) change from 10.68: 
3.48: 2.07: 1 to 7.5: 1.67: 1.66: 1. The decrease of the first three peaks in C1s region of 
XPS spectra of 1MPI and 2MPI shows clear indication of the degradation of the 
dendrimer wedge in the film after thermal treatment.  
 
After prolonged heating at 250 oC (12 – 24 h), the peak at 399.2 eV in the N1s spectra 
decreased, indicating loss of nitrile-terminal groups and amide-linking groups (Figure 
6.9). However, this peak did not disappear completely, suggesting the presence of 
residual nitrile and amide groups. The XPS spectra after thermal treatment shows that 
longer heating times can remove the dendrimer wedge further; however, the refractive 
index of the LB film remained unchanged after prolonged heating for 12 h at 250 oC 
suggesting that most of the dendrimer wedges can be removed within 12 h, and, the 
films are thermally stable thereafter. 
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Figure 6.9 N1s XPS spectra of 1MPI-AA 1:3 before and after prolonged thermal 
treatment at 250 oC 
 
6.3.4.3 Surface morphology 
The surface morphology of the LB film was investigated by AFM. The scans show 
that before thermal treatment, both 1MPI-AA and 2MPI films have smooth surfaces. 
However, after thermal treatment, 2MPI shows a rougher surface than 1MPI-AA does 
(Figure 6.10), which illustrates the significant effect of dendrimer generation on the 
structure and is reflected in the higher RMS roughness value for 2MPI (0.914) relative 
to that of 1MPI-AA (0.436). Although the extent of substitution of the dendrimer 
wedge of 2MPI is lower than that of the 1MPI, the second generation dendrimer wedge 
is larger and the contribution of the dendrimer wedge by weight (35%, and therefore, 
presumably by volume also) is higher than that of 1MPI (24%), thereby having a more 
significant effect on the morphology of the LB. Also, the rougher surface suggests a 
less dense layer structure, thereby qualitatively corroborating the results from 




Figure 6.10 AFM images of 1MPI-AA (a) and 2MPI (b) LB films after thermal 
treatment at 250 oC for 12 h  
 
6.4 Conclusions 
Controllable loose layer structure in polyimide Langmuir-Blodgett films was obtained 
by incorporating a dendrimer wedge in a soluble, pre-imidized polyimide 
functionalized by carboxylic groups. The dendrimer wedge was attached to the 
polyimide through an amide linkage. The stability of the monolayer of the polyimide 
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modified with nitrile ended dendrimer wedge (MPI) was enhanced by using long chain 
alkyl spacers. AA was more effective than ODA due to greater interaction with 1MPI. 
H-bonding between the carboxyl group of AA and carbonyl group of imide, and the 
acid-base complexation between the carboxyl group of AA and nitrile of dendrimer 
wedges are the possible interactions between MPI and AA as illustrated from UV and 
XPS results. Langmuir film analyses indicated dependence of specific area and 
collapse pressure on pH that was consistent with the nature of the terminal group on 
the dendrimer wedge. The orientation of the alkyl chain investigated by polarized 
FTIR was found to be dependent on the spacer content in the monolayer. Removal of 
the alkyl chains from 1MPI-AA LB film by thermal treatment was accompanied by 
decrease in film thickness and increase in refractive index.  However, the refractive 
index is lower than that of the unmodified polyimide LB film, providing evidence of a 
less dense structure. Polyimide modified by the second generation dendrimer is stable 
on water and does not require long-chain amphiphilic spacer molecules. It gives an 
even lower refractive index than does the first generation because of the large size of 









PART III  

















Chapter 7  




In this chapter, ultra thin film of CPI is fabricated by layer-by-layer self-assembly 
followed by covalent crosslinking. The electrostatic interlayer interaction is improved 
by crosslinking of CPI and p-phenylene diamine with amide covalent bonds. The 




CPI was synthesized as in Chapter 3. Chloroform (Merck) was distilled. 
3-cyanopropyltrichlorosilane (CPS, Lancaster, 98%) and p-phenylene diamine (PPD, 
Aldrich, 97%) were used as received.  
 
7.2.2 Substrates 
Silicon wafer (Wellbond), quartz slide (Achema) and silica gel (Aldrich, high-purity 
grade, pore size 6 nm, pore volume 0.75 cm3/g, particle size 70-230 mesh) were used 
as substrates. The silicon wafer and quartz slide were washed in detergent and rinsed 
with deionised water and acetone and dried with nitrogen. The substrates were then 
sonicated in piranha solution (H2SO4 and H2O2 7:3 v/v) for 45 min. The treated 
substrates were rinsed extensively with deionised water and acetone and dried with 
nitrogen. This cleaning procedure creates a surface rich in hydroxyl groups at the oxide 
surface to facilitate the subsequent silanization process. The high purity silica gel was 
used as received. 
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7.2.3 Treatment of Substrates with CPS 
The substrates were dried at 100 oC under vacuum for 1 h to remove the moisture from 
the surface. The moisture-free substrates were then immersed in a 3 mM CPS solution 
in distilled chloroform for 6 h. Then, the substrates were rinsed thoroughly with 
chloroform twice in an ultrasonic bath for 5 min, followed by rinsing with methanol 
and drying in a gentle stream of nitrogen. 
 
The cyano groups at the free end of the CPS were hydrolyzed to carboxyl groups by 
heating at 130 oC for 2 h in 50% H2SO4. The substrates were subsequently rinsed with 
deionised water and dried with nitrogen.  
 
7.2.4 Layer-by-Layer (LBL) Deposition and Crosslinking 
The film was fabricated by sequential deposition of oppositely charged CPI and PPD 
onto the surface-funtionalised substrate (Figure 7.1). Typically, 100 mM PPD in HCl 
solution of pH 4 and 3 mM CPI in NaOH solution of pH 13 were prepared 1 h before 
deposition. The CPS-treated substrates were first immersed in the PPD solution for 5 
min, rinsed with deionised water and dried in a gentle stream of nitrogen. The resulting 
films were then immersed in the CPI solution for 5 min, rinsed and dried. Repeating of 
the above two steps resulted in the formation of a multilayered electrostatically held 
(ELBL) film. The dipping time, concentration and pH of the solutions were optimized 
by changing the conditions and monitoring the thickness. Crosslinked ELBL films 
(CELBL) were obtained by heating the ELBL films at 150 or 215 oC for 2 h in the 
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Figure 7.1 Schematic illustration of the CELBL film preparation 
 
7.2.5 Characterization 
The thickness of the multilayer films was measured by ellipsometry with a variable 
angle spectroscopic ellipsometer (VASE, B-250, Woollam) using the same conditions 




UV-Visible spectra were obtained with a scanning spectrometer (Shimadzu UV-3101 
PC) in the range 200-800 nm to monitor the growth of the film. A clean bare quartz 
slide was used as reference. 
 
Silica gel coated with the film was mixed with KBr to make pellets for transmission 
FTIR on a Bio-Rad FTIR (model 400) by accumulating 16 scans at a resolution of 4 
cm-1. The sample compartment was purged with nitrogen. A pure KBr pellet was used 
as reference.  
 
X-ray photoelectron spectroscopy (XPS, Kratos Analytical AXIS HSi spectrometer) 
was used to study the chemical composition and reaction of the sample using the same 
conditions and methods as in Chapter 4. 
 
The surface morphology of the films was scanned by atomic force microscope (AFM) 
using a Nanoscope III from Digital Instruments using the same conditions and methods 
as in Chapter 4. 
 
The stability of the thin film against solvent attack was tested by ultrasonication (Elma, 
T460/H) separately in an aqueous HCl solution of pH 3 and THF for different 
durations. 
 
7.3 Results and Discussion 
7.3.1 Treatment of the Substrates with CPS 
Prior to the layer-by-layer deposition, 3-cyanopropyltrichlorosilane (CPS) was first 
deposited on the substrate and anchored to it through a siloxane bond, followed by 
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hydrolysis. Such a CPS layer is densely packed and ordered due to the presence of 
regular alkyl chains (Okusa et al., 2000). It enhances the chemical affinity of the 
substrate surface to the subsequently deposited layers and can be covalently linked to 
the ELBL film by thermal treatment. The ELBL film can be thus covalently bonded to 
the substrate with good adhesion. Hence, the CPS layer is suitable as a start point for 
the fabrication of the polyimide thin film. The thickness does not change after 
hydrolysis. Both the thickness of the CPS layer before and after hydrolysis is 0.6 nm, 
consistent with the result of Wasserman et al (1989). However, the morphology of the 
surface changes significantly. The RMS roughness from AFM images of a clean bare 
silicon wafer and CPS layer before and after hydrolysis is 0.07, 0.11 and 0.22 nm, 
suggesting the different morphology of the surface moieties. 
 
7.3.2 Optimization of the Conditions for the Deposition of the 
ELBL Film 
The electrostatic layer-by-layer self-assembled (ELBL) ultrathin films were fabricated 
by absorption of CPI and PPD sequentially on the carboxylic-terminated CPS treated 
substrates. The amine groups (-NH3+) of PPD serve as cations while the carboxyl 
groups (-COO-) of CPI serve as anions. Various experimental parameters such as 
immersion time, concentration and pH of the solutions employed in the deposition 
process would have significant effects on the deposition and the properties of the 
ELBL films. The CPS treated substrates were immersed in both 5 mM PPD and CPI 
solutions sequentially at room temperature for 1, 5 and 10 min. It was observed that 1 
min is not sufficient to give a significant growth for ELBL assembled film while 
significant thickness increment can be observed via 5 and 10 min immersion. The 
duration of 5 min was chosen for further studies because it is long enough to get 
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saturated absorption according to the results of Anderson et al. (2001) and can 
minimize the duration of immersion.  
 
pH is another important factor in ELBL deposition. It was found that the deposited 
layer could vary from a very thick layer or so called supramolecular film to a 
molecularly thin layer in a narrow pH range (Fu et al., 2002). In other words, a small 
change in pH value, which causes minor changes in the nature of the surface charges 
and the state of the solute, could lead to anomalous changes in absorption behavior and 
properties. HCl solutions of pH 2, 3 and 4 were used to dissolve PPD. NaOH solutions 
of pH 12, 13 and 14 were used to dissolve CPI. It was observed that, CPI can be only 
partially dissolved at pH 12. At pH 14, the CPI aqueous solution cannot give a stable 
growth of the film. The PPD solution at pH 2 pairing with any CPI solutions does not 
provide stepwise increase in the film thickness and this may due to the extraction of 
the PPD molecules back into the highly acidic solution (Mendelsohn et al., 2000). The 
PPD solutions at pH 3 and 4 pairing with the CPI solution at pH 13 give substantial 
growth in the film thickness. The average layer thickness of the films deposited from 
the PPD solution at pH 3 and the CPI solution at pH 13 is 2.6 nm, while the average 
layer thickness increase from the PPD solution at pH 4 and the CPI solution at pH 13 
is 0.4 nm. These observations are consistent with the results of Park et al. (2001) which 
show that a narrow range of pH may give rise to significant variation in thickness. In 
addition, the ionic strength of the NaOH solution of pH 13 is calculated to be 0.1, 
which can help to restrict the extraction of the diamine from the film and facilitate the 
absorption of the CPI (Linford et al., 1998; Tedeschi et al., 2000). The solutions of pH 
4 and pH 13 were chosen to dissolve PPD and CPI, respectively. 
After the optimization of duration and pH, the effect of the concentration of PPD and 
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CPI was investigated. It was observed that the increase in thickness saturated after a 
few layers were deposited when the concentration of PPD was 5 mM. This 
phenomenon is mainly due to the increasing loss of active charged groups on the film 
surface. The possible reason of the decrease of the charged functional groups is the 
horizontal conformation of the PPD molecules during LBL deposition. Because the 
PPD molecule is much shorter and contains only two charged groups compared with 
large macromolecules or dyes with many charged groups, the linear PPD molecule 
may lie horizontally on the substrates which allows the both two amine groups 
electrostatically attracted to the surface of the substrates. Hence, overcompensation of 
the charges that is necessary for layer-by-layer deposition becomes difficult. Due to the 
accumulation of the horizontal conformation, the decrease of the active charged groups 
becomes more severe after a few layers are deposited, and the growth stops eventually. 































Figure 7.2 Thickness of ELBL films deposited under different concentrations of the 
CPI and PPD solution. Two concentrations of CPI are used: 3 and 5 mM. Three PPD 
concentrations are used: 50, 100 and 120 mM 
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PPD solutions with concentrations of 50, 100 and 120 mM were used for LBL 
deposition. Figure 7.2 shows that all the PPD solutions provide stepwise growth over 6 
bilayers. The increases of the thickness are different after different materials were 
assembled because of the different size and conformation. When the concentration of 
CPI is 5 mM, the increment of the thickness after CPI is deposited is higher than that 
after PPD is deposited, due to the high CPI concentration and extent of coiling of the 
polyimide chains. When the CPI concentration is 3 mM and the PPD concentration is 
120 mM, the increment of the thickness after PPD was deposited is higher than that 
after CPI is deposited. When the CPI concentration is 3 mM and the PPD 
concentration is 100, the increments of both CPI and PPD layers are almost same, 
resulting in a linear increase of thickness. When the CPI concentration is 3 mM and the 
PPD concentration is 50 mM, the increments of the thickness are not stable. When the 
concentration of the CPI is 5 mM, the 100 mM PPD solution gives thicker bilayers 
compared with those obtained from the 50 mM PPD solution. However, the thickness 
increment of the 100 mM PPD/ 5 mM CPI ELBL film diminishes with the increasing 
number of layers. A possible reason may be due to the coiling of the polymers at high 
concentration which causes the active charged functional groups to be buried in the 
polymer chains. When a 3 mM CPI solution is employed, the increase in thickness is 
consistent and reproducible, suggesting that coiling of the polyimide is avoided. 
Together with the 3 mM CPI solution, 100 mM PPD solution gives suitable thickness 
increment. Therefore, higher concentration of PPD (100 mM) and low concentration of 
CPI (3 mM) were employed for further study. 
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7.3.3 Characterization of the ELBL Ultrathin Films 
7.3.3.1 Thickness 



















Figure 7.3 Thickness of ELBL film up to 20 layers. 3 mM CPI in pH 13 aqueous 
solution and 100 mM PPD pH 4 aqueous solutions are used sequentially. The 
immersion time is 5 min.   
 
Upon obtaining the appropriate deposition conditions, ELBL films with more layers 
were fabricated and characterized. Figure 7.3 shows that the increase in bilayer 
thickness of an ELBL film is linear, indicating successful control and reproducibility of 
the ELBL deposition under optimized conditions. The thickness increment per bilayer 
is in the range of 1.2 to 1.7 nm, which is thinner than the multilayer film prepared from 
tripropylammonium salt of an Ultem-type poly(amic acid) and polydiallyl 
dimethylammonium chloride by Anderson et al. (2001). The thinner layer can be 
attributed to the small PPD molecule and low CPI concentration, as discussed later. 
 
7.3.3.2 UV-Vis spectra 
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Figure 7.4 UV-Vis spectra of ELBL multilayer films with increasing number of 
bilayers from 0, 2, and 4 to 6, shown from the bottom to the top, respectively. The 




































Figure 7.5 UV-Vis spectra of ELBL multilayer films with increasing number of 
bilayers from 1, 3, and 5 to 7, shown from the bottom to the top, respectively. The 
absorbance of the spectra at 238 nm is shown in the insert. 
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Figure 7.6 Absorbance of the ELBL UV-Vis spectra at 238 nm with increasing number 
of layers from 1 to 7. The solid lines show the linear increase of the absorbance for 
even and odd layers. The dash line illustrates the stepwise extraction and compensation 
process of PPD 
 
Figure 7.4 and 7.5 show the UV-spectra of even- (CPI as the top layer) and odd- (PPD 
as the top layer) numbered stack of layers deposited on CPS-treated quartz slides. Both 
spectra show absorption peaks at 204 and 238 nm due to the delocalized transition of 
phenyl rings in CPI and PPD. (Jaffé and Orchin, 1962). The absorbance at 238 nm 
shows linear increase for both even and odd numbered stack of layers, respectively, 
confirming successful and reproducible deposition. However, the absorbance decreases 
after deposition of CPI and increases again after deposition of PPD, thus following an 
up-and-down trend (Figure 7.6). This is due to the extraction of PPD from the 
multilayers into the CPI solution when the film is immersed in the latter. (Linford et al., 
1998; Tedeschi et al., 2000). The use of excess PPD and CPI solution with high ionic 




7.3.3.3 FTIR spectra 
Normally, reflectance FTIR can be employed in the analysis of ultrathin films when 
highly reflective substrates are used, such as aluminium and gold. If the ultrathin film 
can be deposited on CaF2, transmission FTIR can be used. Ambiguous reflectance 
FTIR signals would be obtained when the ultrathin film is directly assembled on 
silicon wafers or quartz slides.  In this work, fine silica gel was used as substrate in 
order to increase the amount of material on the surface per volume of the substrate and 
thus get higher transmission FTIR signal.  
 
Silica gel coated with 1 or 2 layers of PPD/CPI  following the same procedure as in 
the deposition on silicon wafers and quartz slides was pelletised with KBr for FTIR 
spectroscopy. In the spectrum of the first layer of PPD (Figure 7.7), the peak at 1450 
cm-1 is assigned to the N-H bending of the –NH3+ groups (Ichinose et al., 1999). The 
peak at 1385 cm-1 represents C-N vibration of the aryl amine which is in agreement 
with the results of Porter et al. (1987). The peak at 876 cm-1 can be assigned to the wag 
of the –NH3+. The FTIR spectrum of the 2-layer ELBL shows a pronounced peak at 
1729 cm-1 due to the C=O stretching in CPI, confirming the presence of the polyimide.  
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Figure 7.7 FTIR spectra of 1-layer (lower one) and 2-layer (upper one) ELBL 
assembled on silica gel. 
 
7.3.3.4 XPS spectra 






Figure 7.8 XPS wide scan spectrum of 9-layer ELBL film 
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Figure 7.9 XPS wide scan spectrum of 10-layer ELBL film 
 
294 292 290 288 286 284 282
Binding energy (eV)
9 Layers with PPD on surface
294 292 290 288 286 284 282
10 Layers with CPI on surface
 
Figure 7.10 XPS C1s spectra of 9 and 10-layer CPI-PPD ELBL film. 
 
XPS was conducted on 9-layer (PPD on top) and 10-layer (CPI on top) films to 
confirm the presence of the desired species and investigate the interfacial interaction 
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within the multilayer film. The wide scan spectra for the two samples are shown in 
Figure 7.8 and 7.9. The 9-layer film with the PPD on top (Figure 7.8) shows a sharp 
peak around 400 eV representing nitrogen from -NH3+ or –NH2 in PPD; a small 
fluorine peak near 680 eV exists in the spectrum as well, which can be attributed to the 
fluorine in the CPI underneath the PPD layer. In the spectrum of the 10-layer film, the 
fluorine signal increases sharply indicating increase of fluorine at the surface due to the 
hexafluoroisopropylidene (–C(CF3)2–) groups of CPI. In contrast, only a small 
nitrogen signal around 400 eV is observed due to the lower nitrogen content in the CPI. 
The different XPS wide scan spectra indicate the consistent and expected change of the 
abundant material on the surface after sequential deposition.  
 
In the high resolution C1s spectrum of the 9-layer film (Figure 7.10), the peak at 286.1 
eV representing C*-N in the PPD confirms the presence of PPD on the surface. The 
higher binding energy observed here compared with that of C*-N in PMDA-ODA 
polyimide (Ektessabi and Hakamata, 2000) and in amine terminated polyamidoamine 
(PAMAM) (Fail et al. 2002) could be due to the partial protonation of the two amines 
in PPD. 
 
In contrast to the 9-layer film, there are three more peaks besides the first peak at 284.6 
eV in the XPS C1s spectrum of the 10-layer film. The peak at 285.8 eV represents 
C*-N in CPI which is lower than the peak for the amine in PPD. The peak at 288.4 eV 
represents the imide or carboxyl group in the CPI. The peak at 292.8 eV can be 
attributed to the –C*F3 which is evidence of the presence of the fluorinated polyimide. 
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7.3.3.5 AFM images 
  
Figure 7.11 AFM image of 5-layer ELBL film with PPD on the surface layer. 
  
Figure 7.12 AFM image of 6-layer ELBL film with CPI on the surface layer. 















 PPD on surface
 CPI on surface
 
Figure 7.13 RMS roughness of ELBL thin film. 
X-500 nm; Y-500 nm; Z-20 nm;  
RMS-0.590 nm 




The surface morphology of the films was examined by atomic force microscopy in the 
tapping mode. Figure 7.11 and 7.12 show the morphology of the film after the 
deposition of the 5th layer (PPD) and 6th layer (CPI), respectively. After PPD is 
deposited, sharp featurse are observed due to the small and linear nature of the PPD 
molecule. When the next layer of CPI is deposited, the surface has a smoother, 
smeared granular feature, typically indicative of the presence of a polymeric layer at 
the top.  These surface features are consistently reproducible for odd and even 
numbered stack of multilayers.   
 
The RMS surface roughness (Figure 7.13) of both the PPD and CPI surfaces increases 
with the growth of the multilayer. However, absorption of the CPI layer results in a 
decrease of the roughness of the surface formed by the previously deposited PPD. In 
contrast to the report of Kerimo et al. (1998) on R-zirconium phosphate [R-Zr(HPO4)2] 
(ZrP) –containing  LBL thin films, in which the ZrP sheets lie horizontally on the 
surface and form a feature of scattered tiles, the small molecules of PPD give higher 
roughness in this ELBL than the polymer chains do. The high concentration of PPD 
used may result in a high density of PPD on the surface, giving rise to vertically 
oriented domains of the planar PPD on the CPI surface. This may also be aided by 
hydrogen bonding between free amine groups. 
 
The range of surface roughness (1.5 nm for the 10-layered film and 2.0 nm for the 
20-layered film) in contrast to what typically observed (0.5 to 10 nm) (Tsukruk, 1997) 
is an indication that the assembly process yields smooth films.  
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7.3.4 Thermal Crosslinking of ELBL Film 
7.3.4.1 Selection of temperature 
Thermal treatment of the ELBL films was carried out to form amide links between the 
layers. The thermal curing process causes the conversion of the electrostatic forces 
among the layers to the strong amide covalent bonds. The covalent bonds can hold the 
ultrathin films more tightly and rigidly, and bestow more robust thermal, chemical and 
mechanical properties to the film than the electrostatic forces can do.  
 
An appropriate temperature needs to be considered first. On the one hand, for 
polymeric ELBL, if the temperature of thermal treatment is higher than the glass 
transition temperature of the polymer, the polymer will rearrange its chain and thus the 
robust and uniform structure of the thin film might be destroyed. On the other hand, 
the extent of crosslinking will be small if the temperature of thermal treatment is too 
low. From results of DSC, the glass transition temperature of CPI is above 350 oC. 
Therefore, the thermal treatment temperature should be lower than that value. 
Meanwhile, the thermal stability of the small molecule should be considered 
particularly for PPD-CPI structure. The melting point and boiling points of the PPD 
are 147 and 267 oC. A too high temperature may cause the PPD to sublime or 
evaporate before the covalent bonds form. Finally, considering the thermal 
crosslinking of PAA/PAH ELBL at 180 and 215 oC conducted by Dai et al. (2000, 
2001), 150 and 215 oC were selected in this work.  
 
7.3.4.2 XPS spectra 
XPS spectra were obtained to verify the crosslinking. Figure 7.14 shows the XPS N1s 
spectra of a 6-layered ELBL film before and after thermal treatment. The N1s 
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spectrum of the non-heated film can be resolved into 3 peaks that represent ammonium 
group (-NH3+) at 401.3 eV (Ichinose et al., 1999), free amine group (-NH2) at 398.7 eV 
(Ichinose et al., 1999; Zhang and Srinivasan, 2004), and the nitrogen in the imide 
group at 400.3eV (Ektessabi and Hakamata, 2000). In particular, the peak at 398.7 eV 
confirms the presence of the free amine end of PPD. In the N1s spectra of the 
thermally treated film, in addition to the peaks at 398.7 eV and 400.3 eV, a new peak at 
399.7 eV appears while the peak at 401.3 eV disappears. The new peak at 399.7 eV is 
fairly close to the value reported by Evenson et al. (2000) and Yan et al. (1997) in their 
amide crosslinking study. Hence, the presence of this peak and the disappearance of 
the peak at 401.3 eV verify that the electrostatic interaction between the -NH3+ groups 
(from PPD) and –COO- groups (from CPI) is successfully converted to amide bonds. 
 




Heated at 215 oC
 
Figure 7.14 XPS N1s spectra of 6-layer ELBL film before (bottom) and after thermal 
treatment at 150 (top) and 215 oC (mid) for 2 hours under nitrogen purge. 
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The effect of temperature in crosslinking was investigated by comparing the areas 
under the three peaks in N1s XPS spectra (Table 7.1). The higher amide/amine ratio of 
the CELBL after thermal treatment at 215 oC than that after thermal treatment at 150 
oC indicates higher extent of conversion from amine to amide. On the other hand, since 
the imide nitrogen in CPI remains stable at these temperatures, the decrease of the total 
amount of amine and amide compared with imide after thermal treatment at 215 oC 
suggests loss of the PPD molecules due to sublimation or evaporation. Therefore, the 
suitable temperature for the thermal treatment is a compromise between the extent of 
the crosslinking and loss of the small molecules. The signal-to-noise ratio of Figure 
7.14 is low, resulting in some uncertainty in the fitting of the curve (Table 7.1). 
However, the fitting is reasonably consistent with the followed experimental data.  
 
Table 7.1 Peak areas in XPS N1s spectra of the CELBL 
Percentage of Area (%) Binding Energy 
(eV) 
Functional Group 
150 oC 215 oC 
398.7 Amine 47.01 33.53 
399.7 Amide 29.32 26.21 
400.3 Imide 23.67 40.26 
 
7.3.4.3 AFM images 
The effect of temperature on the surface morphology of the assembled thin films was 
studied by atomic force microscopy. After thermal treatment at 150 oC (Figure 7.15) 
the granular feature of the film is greatly reduced. A smoother surface can be observed 
and is indicated by the reduction of the RMS surface roughness from 0.590 to 0.461 
nm. However, after the 6-layer ELBL film was heated at 215 oC, the AFM image 
shows interesting features with some collapse on the surface (Figure 7.16). Such a 
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phenomenon is most likely due to the loss of the small molecule of PPD. Although a 
relatively low RMS surface roughness (0.374 nm) is obtained and the centre of 
depressed regions may not be pin-hole yet, the structure within the multilayer might be 
destroyed if much of the material is lost. 
 
Figure 7.15 AFM image of the 6-layer ELBL film after thermal treatment at 150 oC 
 
Figure 7.16 AFM image of the 6-layer ELBL film after thermal treatment at 215oC 
 
From the results demonstrated by the XPS spectra and AFM images, thermal 
crosslinking at 150 oC is more appropriate to form covalently crosslinked robust 
X-500 nm; Y-500 nm; Z-15 nm;  
RMS-0.374 nm 
X-500 nm; Y-500 nm; Z-20 nm;  
RMS-0.461 nm 
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ultrathin film considering the extent of the crosslinking and the integrity of the uniform 
multilayer structure. 
7.3.4.4 FTIR spectra 





Figure 7.17 FTIR spectrum of 2-layer CELBL film. 
 
To further verify that the amide bond is formed via thermal treatment at 150 oC, 
transmission FTIR scanning was conducted to the thermally treated 2-layer CEBLB 
film on silica gel (Figure 7.17). Besides the peak at 1721cm-1 due to the C=O 
stretching of the CPI, there is a new peak at 1545cm-1, which can be attributed to the 
C-N stretching and N-H bending of the amide bond, consistent with the report of Dai 
et al. (2000, 2001), and confirming the formation of amide crosslinking. 
 
7.3.4.5 Change of thickness 
To investigate the effect of the thermal treatment on the thickness, the thickness of the 
films before and after thermal treatment at 150 oC was measured (Table 7.2). The 
thickness of the first 5 bilayers decreases by 22% after thermal treatment, while that of 
8 and 10 bilayers decrease by 27% and 34%. The decrease of the first 5 bilayers is 
consistent with the results of Dai et al. (2000), which is within the molecular range and 
can be explained by the more tightly compacted structure bonded by robust and stiff 
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covalent bond. The greater decrease in the thickness of the 8 and 10 bilayers might be 
attributed to the further change of the morphology that accompanies the change of the 
interlayer interaction. Before thermal treatment, the roughness of 8 and 10 bilayers is 
high. Therefore the flattening of the surface has more impact on the thickness. 
 
Table 7.2 Thickness of the ELBL thin films before and after thermal treatment 
 
Thickness of bilayer (nm) No. of 
bilayers before heating after heating 
Percentage of 
decrease (%) 
2 1.6 1.3 20 
3 1.5 1.2 20 
4 1.4 1.1 22 
5 1.4 1.1 22 
8 1.4 1.1 27 
10 1.5 1.0 34 
 
7.3.4.6 Stability 
























 ELBL in pH3
 CELBL in pH3
 ELBL in THF
 CELBL in THF
 
Figure 7.18 Decrease of the thickness after immersion of CELBL and ELBL in pH3 
aqueous solution and THF 
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The stability of the ELBL and CELBL films was investigated by sonicating them in an 
aqueous acid solution and THF and the changes of the thickness were monitored 
(Figure 7.18). An acid solution of pH 3 was chosen because the free PPD is highly 
soluble at this pH.  The weakly bonded or absorbed PPD will be removed after 
prolonged sonication in such solution. In the acidic solution, the ELBL film is 
destroyed slowly at first and rapidly after 60 min, suggesting that extraction of PPD 
starts from inside of the ELBL film and accelerates after a certain period. In contrast, 
the CELBL remains stable for as long as 120 min, indicating that the PPD is strongly 
bonded in the multilayer after thermal cross-linking. THF was chosen as the test 
solvent for CPI, since the latter is soluble in the former. The ELBL film is destroyed 
rapidly in THF, suggesting the severe effect of the loss of CPI, while the cross-linked 
film is much more stable. The results of the higher stability of crosslinked multilayer 
film compared with the film before thermal treatment illustrate the significant 
improvement of the resistance of the multilayer thin film against the inorganic and 
organic solvent attack. 
 
7.4 Conclusions 
A polyimide-diamine layer-by-layer self-assembled film was successfully deposited 
and crosslinked. In the optimized procedure, the substrates are immersed sequentially 
in 100 mM PPD in pH 4 HCl aqueous solution and 3 mM CPI in pH 13 NaOH 
aqueous solution for 5 min, respectively. VASE show linear increase of the thickness 
of the film. UV-Vis spectra confirm the linear growth of the film and illustrate the 
phenomenon of the loss of the PPD molecules in the CPI solution and the 
compensation in the next deposition from a concentrated PPD solution. Alternate 
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presence of PPD and CPI on the surface of odd and even layer films, respectively, is 
indicated by XPS and FTIR spectra. The PPD surfaces are rougher than the CPI 
surface possibly due to the oriented domains of the PPD molecules.   
 
Thermal treatment was conducted at 150 and 215 oC to convert the electrostatic forces 
among the layers to covalent amide bonds. The extent of the crosslinking is higher 
when the temperature is higher from XPS results. However, loss of the PPD molecules 
at high temperature is observed from XPS spectra and AFM images. 150 oC is more 
suitable for thermal crosslinking considering the balance between the loss of PPD and 
extent of the reaction. Thermal crosslinking at 150 oC is also confirmed by the new 
peak at 1545 cm-1 in FTIR spectrum. The crosslinked LBL films show higher 


















Chapter 8  
Covalent Polyimide Layer-by-Layer Self-Assembly Film 
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8.1 Introduction 
In this chapter, CPI layer-by-layer self-assembly with covalent interlayer interaction is 
fabricated by direct deposition. Unlike in Chapter 7, where the covalent bonds between 
layers were formed after thermal treatment, colvalent bonds were formed directly 
between CPI and 1,4-phenylene diisocyanate (PDI) layers. The advantages are that the 
process is simple and straightforward, the CPI and PDI are more stable in organic 




CPI was synthesized as in Chapter 3. Tetrahydrofuran (THF, Merck), chloroform 
(Merck) and toluene (Merck) were distilled. 3-cyanopropyltrichlorosilane (CPS, 
Lancaster, 98%) and 1,4-phenylene diisocyanate (PDI, Aldrich) were used as received. 
 
Silicon wafer (Wellbond) and quartz slide (Achema) were used as substrates. They 
were cleaned and treated with CPS as in Chapter 7. 
 
8.2.2 Fabrication of Covalent Layer-by-Layer (CLBL) 
Self-Assembled Polyimide Ultrathin Films  
Like ELBL assemblies, the CLBL multilayer can be fabricated by alternate deposition 
of two different materials with active functional groups. The two active functional 
groups are required to have suitable high chemical affinity for each other so that 
covalent cross-linking would form between their interfaces. Besides, water-free 
organic solvents were used instead of aqueous solvents to dissolve the materials in 
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order to maintain the chemical activity of the groups and avoid hydrolysis. The typical 
stepwise procedure to create a CLBL film is as follows (Figure 1): 
 
i. 0.0320 g of PDI was dissolved in 20 mL of distilled toluene to prepare a 10 mM 
solution and the solution is stirred at room temperature. Since PDI is difficult to be 
dissolved in toluene, a long stirring time of 3 h was employed. 
 
ii. 0.0560 g of CPI was dissolved in 20 mL of distilled THF to prepare a 5 mM solution. 
The solution was stirred for 2 h in order to get a well-dissolved polymer solution. 
 
iii. The CPS treated substrate was first immersed in the PDI solution at 40 oC for 2 h. 
The film was then washed with THF in an ultrasonic bath twice for 5 min and dried 
with nitrogen. The substrates with PDI on top were kept in a vacuum desiccator to 
prevent contact with moisture before the next deposition or characterization. 
 
iv. The substrates with PDI on top were immersed in CPI solution at 40 oC for 2 h. The 
film was then rinsed with THF in ultrasonic bath twice for 5 min and dried with 
nitrogen. 
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Figure 8.1 Schematic illustration of the CLBL film preparation 
 
8.2.3 Characterization 
The thickness of the multilayer films was measured by ellipsometry with a variable 
angle spectroscopic ellipsometer (VASE, B-250, Woollam). UV-Visible spectra were 
obtained with a scanning spectrometer (Shimadzu UV-3101 PC) in the range of 
200-800 nm to monitor the growth of the film. A clean bare quartz slide was used as 
Repeat
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reference. X-ray photoelectron spectroscopy (XPS, Kratos Analytical AXIS HSi 
spectrometer) was used to study the chemical composition and reaction of the sample. 
The surface morphology of the polyimide thin films was obtained by scaning with a 
Nanoscope III atomic force microscope (AFM) from Digital Instruments. All the 
conditions and methods are the same as described in the previous chapter. 
 
The stability of the thin film against solvent was tested in an ultrasonic bath (Elma, 
T460/H). The thin films were immersed in a pH 3 aqueous HCl solution or THF for 
different duration. 
  
The stability of the films against thermal treatment was tested by heating them at 150, 
215, 250, 300 and 350 oC for 2 h, and monitoring the change of the thickness. 
 
8.3 Results and discussion 
8.3.1 Thickness 
The thickness of the CLBL film was measured by recording ellipsometric angles Ψ and 
∆, which describe the polarization state of the light beam reflected from the sample 
surface and are related to the ratio of reflection coefficients for p- and s- polarized light. 
A 3-layer model was established and fitted with the experimental data, Ψ and ∆. The 
mean-squared error (MSE) values were less than 2 after fitting, indicating reliability of 
the model and the measurement.   
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Figure 8.2 Thickness of the CLBL film until 10 layers 
 
Figure 8.2 shows a plot of thickness against the number of layers. The two fitted trend 
lines show that there is a transition from a high increment of the thickness up to 7 
layers to a reduced increment after that. From the first to seventh layer, deposition of 
PDI produces a thickness increment of 1.0 nm, while the increment of CPI is around 
0.6 nm. In any event, Persson et al. (2001) suggested and estimated an increment of 
0.93 nm for a PDI layer which corresponds to a bonded phenylene isocyanate having 
an 90o orientation with respect to the layer surface. The thickness of CPI layer is lower 
than that reported by Liu et al. (1.0 nm) (1997). Higher solubility of CPI in THF in this 
work may make the polymer chains stretch to a higher extent than those in aqueous 
solution which Liu et al. used. The thickness is also lower than that reported by Choi et 
al. (1.71 nm) (2004) who used polyimide with larger repeat unit and thus higher steric 
hinder once against packing. The increment of thickness decreases from eighth layer 
(less than 0.5 nm) and tends to level off, suggesting that the amount of the PDI and 
CPI deposited on the surface becomes less gradually and tends to stop eventually. 
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8.3.2 UV-Vis and XPS Spectra 
UV-Vis spectra were obtained by depositing the CLBL film on quartz slides and 
scanning within the range of 200 to 800 nm. Figure 8.3 shows the UV-Vis spectra of 
PDI in solution and in assembled film (first layer on CPS treated quartz slides). The 
peak at 290 nm for PDI in toluene is due to the n-π* transition (R band) in conjugated 
systems comprised of the phenyl and two isocyanate groups. When PDI is assembled 
on the substrate, this peak shifts to 276 nm and a new peak at 206 nm appears due to a 
π-π* transition (K band). The blue shift of the R band is due to the decrease of 
conjugated systems from two isocyanate groups to only one isocyanate and an amide 
linked to the substrate. The change of the UV-Vis spectra verifies the formation of 
amide bond. 

































 First Layer of PDI
 
 
Figure 8.3 UV-Vis spectra of PDI in 1-layer self-assembled film and toluene. 
 
Figure 8.4 shows the UV-Vis spectra of the CLBL self-assembled films from 1 to 7 
layers. There are two peaks in the spectra, 205 and 276 nm, due to π-π* and n-π* 
transitions in PDI and CPI. As shown in the inset, the absorbance at 276 nm increases 
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linearly with the number of layers, indicating reproducibility of the deposition. 
 



































Figure 8.4 UV-Vis spectra of the CLBL films with increasing number of layers from 1, 
3, 5 to 7, shown from the bottom to the top curves, respectively. The insert shows the 
relationships between the number of layers and the absorbance at 276 nm. 





Figure 8.5 XPS wide scan spectra in F region of the 3-layer film with PDI on surface 
(upper curve) and 4-layer film with CPI on surface (lower curve) 
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Figure 8.6 XPS C1s spectra of the 3-layer film with PDI on surface (upper curve) and 
4-layer film with CPI on surface (lower curve) 
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Figure 8.7 XPS N1s spectra of the 3-layer film with PDI on surface (upper curve) and 
4-layer film with CPI on surface (lower curve) 
 
XPS spectra of the 3 and 4 layer CLBL film were obtained to investigate the presence 
of the materials and the interaction between the layers. In the XPS wide scan spectra in 
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F1s region (Figure 8.5), the 4-layer shows a much higher peak at 687 eV than the 
3-layer, due to the higher F content in the CPI layers. The high-resolution XPS C1s 
spectra for the two samples are plotted in the Figure 8.6. The charge-up shift correction 
for the layer with CPI on surface (4-layer) is 284.6 eV for C in phenyl ring, while for 
layer with PDI on surface (3-layer) is 284.8 eV. The use of higher charge-up 
calibration value for the PDI layer is proposed by Persson el at. (2001) who found that 
the isocyanate groups bearing in the PDI molecules affect the bonding energies of the 
carbon atoms in the phenyl ring to shift about 0.2 eV. The feasibility of using this value 
is further proven by the appearance of a symmetrical peak around 289.3 eV which 
attributed to the carbon atoms of the isocyanate groups (Beamson and Briggs, 1992) 
and in agreement with the report of Persson et al. (2001) The peak at 285.8 eV 
represents the C in the phenyl ring that connects to the isocyanate group. Therefore, 
XPS C1s spectrum of the 3rd layer alludes that the deposited material is PDI. 
 
The C1s spectrum of the 4-layer CLBL film with CPI on the surface reveals 4 
significant peaks which represent the different carbon functionalities. The peak at 
284.6 eV represents the carbons in phenyl ring that are bonded with carbons and 
hydrogens. The peak at 285.8 eV represents carbons in phenyl ring that are connected 
to nitrogen with a single bond and the carbon in hexafluoroisopropylidene kink that is 
connected to two CF3 groups. The peak at 288.4 eV indicates the carbonyl groups in 
the imide group and amide linkage between CPI and PDI. The peak at 292.8 eV 
represents the trifluoromethyl carbon which is close to the value reported by Evenson 
et al. (2000) Considering the high F peak in wide scan (Figure 8.5), it is confirmed that 
the CPI deposition is carried out successfully.  
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To further analyze the interfacial reactions of the multilayers, the N1s spectra were 
curve-fitted. The N1s region of both PDI (3-layer) and CPI (4-layer) films can be 
resolved into two different peaks as shown in Figure 8.7 It can be observed that the 
photoelectron peaks in the spectrum of the 3-layer CLBL film with PDI on the surface 
appear at 400.2 eV representing N in the isocyanate and 399.7 eV representing N in 
amide linkage, while the two peaks at 400.3 eV (N in imide) and 399.7 eV (N in amide) 
present in the spectrum of the 4-layer film with CPI on surface. Although the peaks at 
400.2 and 400.3 eV are so close that can not be distinguished clearly, the presence of 
the peaks at 399.7 eV is a clear evidence of amide covalent bond between the layers, 
which coincides with the data reported by Evenson et al. (2000) and Yan et al. (1997).  
 
In addition to the analysis of the photoelectron peak positions, the corresponding 
percentage of the peak areas were calculated and presented in Table 1. For 3-layer 
CLBL film, 34.4% of the nitrogen atoms can be attributed to the amide bond. 
Theoretically, when PDI is deposited on to a multilayer, it is highly desirable to have 
one of its isocyanate groups involved in the formation of amide bond, while another 
one remained as an anchoring point for the subsequent layer deposition, which means 
50% of amide nitrogen should be obtained. However, 34% of amide nitrogen is a 
sufficient high yield to hold the multilayer with desired strength. For the purpose of 
comparison, the percentage of the nitrogen content for the 4-layer film was also 
calculated. The ratio of the amide groups to the imide groups is around 3:7. These 
results suggest that there is not much difference between the percentage of the amide 




Table 8.1 Percentage of nitrogen functionalities in the CLBL films 
 
No. of layers Peak (eV) Corresponding 
groups 
Percentage of the 
area (%) 
399.7 Amide 34.4 3-layer 
400.2 Isocyanate 65.6 
399.7 Amide 30.5 4-layer 
400.3 imide 69.5 
 
8.3.3 Morphology 
The surface morphology of the CLBL thin films from 1 to 10 layers was investigated 
by AFM (Figure 8.8). It can be observed that the PDI surfaces have a dense and small 
sharp feature while the CPI surfaces have a flat and smooth granular feature. The 
feature of the PDI surface can be attributed to the bonding state of the PDI molecules. 
One of the isocyanate groups is covalently bonded to the surface while another one is 
free and stretches out of the surface. This feature is in agreement with the results of 
XPS and UV. To illustrate the surface feature further, root-mean-square (RMS) of 
roughness was calculated (Figure 8.9). It is clearly shown that the PDI surface is 
rougher than CPI until 8 layers, so that the RMS roughness follows an up-and-down 
trend. However, if compared with typical ELBL (0.5 to 10 nm) (Tsukruk, 1997), the 
roughness (0.8 nm for 10-layer) is much lower suggesting a smoother surface than 
ELBL.  
 
For more detailed inspection, it can be found that the surface morphologies of the PDI 
(with hilly features) layers and CPI (with smearing granular surface) layers were 
somewhat reproducible for the first 8 layers. However, from 8th layer to 10th layer, 
mixing of sharp and granular features can be observed (Figure 8.8). The mixing trend 
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suggests the existence of inter-penetration of PDI and CPI in the CLBL multilayer. 
This inter-penetration also results in less PDI molecule with free end. This hypothesis 
is supported by the small difference in the RMS values between the 7 and 8-layer, and 
9 and 10 layer (Figure 8.9). In addition, the result is also closely consistent with the 
finding from ellipsometry data earlier which show that the increment in layer thickness 
has become significantly smaller when inter-penetration takes place. 
 
1-layer 































Figure 8.8 AFM images of the CLBL films from 1 to 10 layers 
 
10-layer 































Figure 8.9 RMS roughness of the CLBL films with different number of layers 
 
8.3.4 Stability against Solvent and Thermal Attack 
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Figure 8.10 Stability of CLBL, ELBL and CELBL films against solvents attack 
 
In order to test the stability of the CLBL film against the solvent attack, the film was 
sonicated in pH 3 HCl solution and THF. The decrease of the thickness was monitored 
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with ellipsometry and compared with the results of ELBL and CELBL films in Chapter 
7 (Figure 8.10). In strong acidic solution, the weakly absorbed PPD can be dissolved 
and extracted, while PDI can be hydrolyzed into PPD and extracted also. The weakly 
absorbed CPI can be dissolved and extracted in THF. The loss of the material due to 
extraction can be reflected from the decrease of the thickness. It is clearly shown in 
Figure 8.10 that the CLBL film is much more stable than the ELBL film after 
sonication in solvents for 120 min. The thickness of the CLBL film does not change 
significantly in both solvents, while that of ELBL film decreases tremendously. 
Although this is expected based on the nature of the interation, the CLBL film shows 
higher stability than the CELBL film. This is especially evident when they are 
sonicated in THF because loss of CPI can contribute to the decrease of the thickness 
significantly. The possible reason may due to the amount of amide links in CLBL is 
higher than CELBL (Table 7.1 and 8.1). These results indicate the advantage of the 
direct covalent LBL over ELBL and CELBL in holding the multilayer. 

























Figure 8.11 Stability of CLBL and CELBL films against thermal treatment 
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Thermal stability of the CLBL and CELBL films were also compared by heating them 
at elevated temperatures for 2 h. The changes of the thickness were monitored and 
shown in Figure 8.11. The refractive indices (630 nm) of the films were kept at 1.7 for 
all the fitting of thickness. It can be observed that the thickness of the CLBL film does 
not change much, while that of the CELBL film decreases to 45% of the original 
thickness. The possible reason is that the amide covalent bonds in CLBL form 
immediately after deposition, while the amide bonds in CELBL form gradually after 
thermal treatment. When the temperature increases, the extent of amidation increases 
which results in higher interlayer interaction and shrinkage of the CELBL film. The 
loss of PPD at high temperature may also contribute to the shrink of the CELBL film. 
Therefore, one of the advantages of the CLBL deposition over CELBL method is that 
the integrity of the film can be retained at high temperature. 
 
8.4 Conclusions 
The polyimide covalent layer-by-layer (CLBL) self-assembled film was fabricated 
successfully from carboxylic polyimide (CPI) and 1,4-phenylene diisocyanate (PDI). 
PDI was first deposited by immersing the CPS treated substrates in PDI solution in 
toluene, followed by deposition of CPI in tetrahydrofuran solution. Multilayer of 
CLBL film was obtained by repeating of the bilayer deposition. The increment of the 
thickness of the CLBL films is stable until the 7th layer and decreases after that. The 
UV-Vis spectra show increase of the absorbance, confirming the successful deposition. 
XPS C1s spectra show 3 peaks for PDI and 4 peaks for CPI, verifying the presence of 
the different surface material. The XPS N1s spectra show peak at 399.7 eV, which is a 
clear evidence of amide bonds formed between the layers. The AFM images show 
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alternate changes in the features due to the different properties and state of the surface 
material. Compared with the electrostatic layer-by-layer (ELBL) and crosslinked 
ELBL films from CPI and p-phenylene diamine (PPD), the CLBL film is more stable 
against thermal and solvent attack. The CLBL polyimide film bearing the superior 


















Chapter 9  




In this chapter, the dendrimer modified polyimide is used together with CPI to 
fabricate layer-by-layer self assembled film. As in Chapter 7, CPI can be dissolved in 
basic solution due to the presence of the pendant carboxyl groups. The dendrimer 
wedge-modified polyimide is not soluble in basic solution any more, but can be 
dissolved in acidic solution due to the nitrile terminal groups of the dendrimer wedges. 
Therefore, it is possible to assemble a layer-by-layer film using MPI and CPI. The 
expected property is the less dense structure resulting from the dendrimer wedges, 
compared with the dense CPI self-assembled film. XPS, Ellipsometry, UV-Vis and 




CPI and MPI were synthesized as in Chapter 3. Chloroform (Merck) and toluene 
(Merck) were distilled. 3-cyanopropyltrichlorosilane (CPS, Lancaster, 99%) and 
p-aminophenyltrimethoxysilane (APhS, ABCR, 99%) were used as received.   
 
9.2.2 Layer-by-Layer Self-Assembled Film of MPI-CPI 
Silicon wafers (Wellbond, Singapore) and quartz slides (Achema) used as substrates 
were cleaned as in Chapter 4. The substrates for MPI-CPI LBL deposition were treated 
with CPS as in Chapter 7. The substrates for direct CPI deposition were immersed in 3 
mM APhS solution in toluene for 6 h, washed with toluene in the ultrasonic bath for 10 
min and dried with nitrogen.  
 
 166
5 mM CPI in 10 mL 0.1M NaOH aqueous solution and 5 mM 1MPI or 2MPI in 10 mL 
90% formic acid aqueous solution were prepared 1 h before deposition. The CPS 
treated substrates were first immersed in the MPI solution first for 5 min, washed with 
deionised water and dried with nitrogen. The CPI layer was deposited by immersing in 
the CPI solution for 5 min, washing in deionised water and drying in nitrogen. 
Lay-by-layer self-assembled films were obtained by repetition of the above two 
processes. As a comparison, an APhS treated substrate was immersed in CPI solution 
for 5 min, washed with deionised water and dried with nitrogen, so as to obtain 
homogenous CPI self-assembled film.  
 
9.2.3 Characterization 
X-ray Photoelectron Spectroscopy (XPS, Kratos Analytical Ltd, AXIS) was performed 
to verify the chemical composition of the deposited layers. Thicknesses and refractive 
index were measured by ellipsometry (VASE, Woollam). The UV-Visible spectra were 
obtained with UV-VIS-NIR scanning spectrophotometer (UV-3101PC, Shimadzu). The 
morphology of the surface was obtained by atomic force microscopy (Nanoscope, 
Digital Instruments Inc) in tapping mode. The details of the characterization were 




9.3 Results and Discussion 
9.3.1 Thickness and Refractive Index 




















Figure 9.1 Thickness of MPI-CPI LBL self-assembled films 
 
The MPI-CPI films were deposited by immersing the substrates alternately in the 
respective CPI and MPI solutions. CPI was soluble in a base solution due to the 
presence of the carboxyl group in DABz, while 1MPI and 2MPI were soluble in acid 
solutions due to the presence of the nitrile terminal groups which is an organic base. 
When the CPS treated substrate was used, MPI was first deposited followed by that of 
CPI. Both 1MPI-CPI and 2MPI-CPI show stepwise increase in the thickness after 
deposition of each layer (Figure 9.1). The larger size of the dendrimer wedge in 2MPI 
relative to that in 1MPI may account for the greater increase in thickness of the former. 
Deposition of CPI resulted in increase in thickness of 0.6-0.7 nm for both 1MPI-CPI 
and 2MPI-CPI films, which is consistent with the results of Moriguchi et al. (1999), 
suggesting reproducibility of the deposition. The increase of the thickness of 
2MPI-CPI and 1MPI-CPI LBL films followed an alternate up and down trend because 
of the different size and conformation of the materials being assembled. A comparison 
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of the density of the MPI-CPI self-assembled films with that of a CPI molecular layer 
assembled on an APhS treated surface can be obtained by comparing their refractive 
indices. The refractive index (630 nm) of the latter is 1.70, while that of 1MPI-CPI and 
2MPI-CPI are 1.51 and 1.42, respectively, indicating the steric effect due to the 
presence of the dendrimer wedge. The lower refractive index of 2MPI-CPI film 
suggests even less dense structure and higher steric effect due to the larger size of the 
dendrimer wedge. 
 
9.3.2 UV-Vis Spectra 
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Figure 9.2 UV-Vis spectra of 1MPI-CPI LBL self-assembled films 
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Figure 9.3 UV-Vis spectra of 2MPI -CPI LBL self-assembled films 
 
The deposition of LBL films on quartz slides was monitored by UV-Vis spectra 
(Figure 9.2 and 9.3).  When 1NMPI or 2NMPI are deposited, their UV-Vis spectra 
show a broad peak from 214 to 236 nm, representing K (π-π*) and R bands (n- π*) of 
the phenyl and carbonyl conjugation system, respectively (Jaffé and Orchin, 1962). 
The absorbance at 236 nm shows linear increase with increasing number of NMPI 
layers. When CPI is deposited, a peak at 210 nm can be observed. The possible reason 
may be more π-π* transition of imide and carboxyl groups. The absorbance at 236 nm 
also shows linear increase with increasing number of CPI layers. The changes in the 
position and shape of the peaks in response to the deposited layer, and the steady 
increase in absorbance at 236 nm with deposition of successive layers attest to the 
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successful LBL assembly of NMPI-CPI layers. The absorbance increase of the 2NMPI 
layer is higher than that of the 1NMPI, suggesting that more 2NMPI deposited to a 
greater extent, which is consistent with the result of the thickness measurements. This 
may be attributable to the larger number of available nitrile groups. 
 
9.3.2 XPS Spectra 
Figure 9.4 and 9.5 show the N1s and C1s XPS spectra of MPI-CPI LBL films.  When 
the 1MPI or 2MPI is on the surface, the peak at 399.2 eV in N1s XPS spectra which 
represents the C≡N* in the dendrimer wedge [27], is higher, confirming the presence 
of MPI. The peak at 284.6 eV in the C1s spectra represents C*-H or C*-C in alkyl 
chains and phenyl rings; the shoulder at 286.0 eV represents the C*-O and C*-N; the 
peak at 288.3 eV represents the C*=O, and the peak at 292.8 eV represents C*-F. 
When 1MPI or 2MPI is on the surface, the shoulder at 286.0 eV becomes higher due to 
the C*-O-C and C*≡N in MPI, confirming the deposition of MPI. In the spectrum of 
2MPI-CPI, this shoulder is higher than that of 1MPI-CPI due to the presence of more 
branches and nitrile terminal groups. Thus, the appearance of characteristic peaks with 
successive depositions further confirmed the successful assembly of MPI-CPI. 
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Figure 9.4 N1s XPS spectra of MPI-CPI LBL self-assembled films 








Figure 9.5 C1s XPS spectra of MPI-CPI LBL self-assembled films 
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9.3.2 AFM Images 
(a)  
(b)  
                                              
 
Figure 9.6 AFM images of 1MPI-CPI LBL self-assembled films  




                                              
Figure 9.7 AFM images of 2MPI-CPI LBL self-assembled films  
(a) 5 layer, RMS roughness: 0.285; (b) 6 layer, RMS roughness 0.208 
 
The morphology of the MPI-CPI surface was investigated by AFM (Figures 9.6 and 
9.7). The 5-layer 1MPI-CPI film with 1MPI on the surface shows uniformly 
distributed small humps with RMS roughness of 0.229 nm, while after the next layer 
CPI is deposited the feature is smeared out with RMS roughness reduced to 0.125 nm. 
The 5-layer 2MPI-CPI film with 2MPI on the surface shows higher RMS roughness 
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(0.285 nm), and the size of the humps is larger than that of the 5-layer 1MPI-CPI due 
to the larger size of the second generation dendrimer wedge. The feature of 2MPI 
surface is smeared out when the next CPI layer is deposited; however, the surface 
roughness (0.208 nm) is still higher than that of the 6 layer 1MPI-CPI. The rougher 
surface of the 2MPI-CPI suggests a less dense layer structure, thereby qualitatively 
corroborating the results from refractive index measurements. 
 
9.4 Conclusions 
Layer-by-layer self-assembly of molecular layers of polyimide containing dendrimer 
wedges has been prepared successfully by using CPI and MPI. The ultrathin films 
were characterized by Ellipsometry, UV-Visible spectroscopy, XPS and AFM. The 
deposition was confirmed by the stepwise increase of thickness and UV-Vis 
absorbance and alternating changes in the UV-Vis and XPS spectra. Ellipsometry and 
AFM results show lower refractive indices and higher roughness for the modified 
polyimide LBL films compared with the CPI self-assembled film, suggesting that the 
dendrimer wedge resulted in a less dense multilayer structure. Such a steric effect 
increases when the generation of the dendrimer wedges increases. 
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Chapter 10 Conclusions 
 
In this thesis, a carboxylic polyimide (CPI) was modified with dendrimer wedges. The 
as-deposited polyimide and modified polyimide were used to deposit bulk film and 
ultrathin film with structures in nanometer range. 
 
The soluble carboxyl polyimide was synthesized from 4,4’-(hexafluoro 
isopropylidene)diphthalic anhydride (6FDA) and 3,5-diaminobenzoic acid (DABz) by 
one-pot method. One and two generation dendrimer wedges were synthesized using 
convergent method and grafted to the carboxylic polyimide. Spectroscopic (NMR and 
FTIR) results indicate the expected chemical structures of CPI and modified polyimide 
(MPI). Results of TGA and DSC show that the dendrimer wedges are less stable at 
high temperature. The porosity of the CPI and MPI bulk film follow different trend 
after thermal treatment due to the presence of dendrimer wedges. Porous structure of 
MPI film was found after thermal treatment. 
 
Langmuir-Blodgett (LB) films were fabricated using CPI and MPI. CPI was reacted 
with octadecylamine ODA to form amphiphilic polymeric salt. After transfer the 
Langmuir film of the salt to substrates, ODA were removed by different methods. 
Thermal treatment is the most promising methods as a clean and efficient process. MPI 
was used to make LB film aiming at low density ultrathin film. ODA and AA were 
used to enhance the stability of the polyimide modified with the first generation 
dendrimer wedge, while the polyimide modified with the second generation dendrimer 
wedge can form stable Langmuir layer without enhancement. Low density LB films 
were obtained after thermal treatment of MPI LB films. Silver nanoparticles/polyimide 
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composite LB films were fabricated using immersion and subphase method. The 
presence of the silver nanoparticles was evident from XPS, AFM, TEM, UV-Vis and 
FTIR results. 
 
Layer-by-layer (ELBL) films were fabricated from CPI and MPI also. Two small 
molecules, PPD (p-phenylene diamine) and PDI (1,4-phenylene diisocyanate) were 
used between the CPI layers to fabricate LBL films. Covalent bonds can form directly 
between the CPI and PDI layers or indirectly between CPI and PPD by thermal 
treatment. The direct covalent LBL film (CLBL) is more stable than the indirect 
covalent LBL film (CELBL) against solvents attack and thermal treatment. MPI were 
used to fabricate ELBL film with CPI and low density LBL films were obtained 
 
The work in this thesis indicates the possibility of using a carboxylic polyimide and 
modified polyimide as basic materials to obtain nanostructured films by with casting & 
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